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ABSTRACT 

With the aim of distinguishing between possible physical mechanisms acting on 
galaxies when they fall into clusters, we study the properties of the gas and the stars in 
a sample of 422 emission-line galaxies from the ESO Distant Cluster Survey in different 
environments up to z ^ 1. We identify galaxies with kinematical disturbances (from 
emission-lines in their 2D spectra) and find that they are more frequent in clusters 
than in the field. The fraction of kinematically-disturbed galaxies increases with clus- 
ter velocity dispersion and decreases with distance from the cluster centre, but remains 
constant with projected galaxy density. We also studied morphological disturbances 
in the stellar light from HST/F814W images, finding that the fraction of morphologi- 
cally disturbed galaxies is similar in clusters, groups, and the field. Moreover, there is 
little correlation between the presence of kinematically-disturbed gas and morpholog- 
ical distortions. For the kinematically-undisturbed galaxies, we find that the cluster 
and field TuUy-Fisher relations are remarkably similar. In addition, we find that the 
kinematically-disturbed galaxies show a suppressed specific star formation rate. There 
is also evidence indicating that the gas disks in cluster galaxies have been truncated, 
and therefore their star formation is more concentrated than in low-density environ- 
ments. If spirals are the progenitors of cluster SOs, our findings imply that the physical 
mechanism transforming cluster galaxies efficiently disturbs the star-forming gas and 
reduces their specific star formation rate. Moreover, this star-forming gas is either 
removed more efficiently from the outskirts of the galaxies or is driven towards the 
centre (or both) . In any case, this makes any remaining star formation more centrally 
concentrated, helping to build the bulges of SOs. These results, in addition to the find- 
ing that the transformation mechanism does not seem to induce strong morphological 
disturbances on the galaxies, suggest that the physical processes involved are related 
to the intraclustcr medium, with galaxy-galaxy interactions playing only a limited role 
in clusters. 

Key words: Galaxies: evolution -galaxies: clusters -galaxies: kinematics and dynam- 
ics -galaxies: structure 
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1 INTRODUCTION 

It has been well established that the fraction of spiral gala:x- 
ies in clusters rises from the local univer se to z ^ 0.5, while 
the SO fraction decreases comparatively (Couch et oL 1994: 



Dressier et al.i 1997: van Dokkum et al. 1998; Fasano et ali 



200d : iDesai et al\\200w . In contrast, the elliptical fraction 



appears to remain constant. These results imply that spi- 
rals could be transforming into SOs with time. Moreover, 
galaxy morphology appears to be tightly correlated with 
environment and stellar populations: dense environments 
such as cluster cores predominantly contai n galaxies with 
elliptical or SO mo rphology (~ 80 per cent: lDresslerill98d : 
IPostman fc Gelleii 1984) and very few star-forming galaxies, 
while the field contains a smaller fraction of galaxies that 
are not star-forming and of early-type morphology. In ad- 
dition, the structure formation scenario of ylCDM predicts 
that many galaxies have undergone t he transition from fie ld 
to cluster environments since z < 1 (jDe Lucia et ffl/.ll2004 ). 

All of these results are consistent with the transforma- 
tion of star-forming spirals into passive SOs by the influence 
of the cluster environment. However, observational evidence 
has shown that galaxy clusters are not the only places where 
such transformation can happen. It is possible that "nur- 
ture" is not the only dri ver of galaxy evolutio n, but that "na- 
ture" also plays a role: iBundv et al\ (|2006l ) suggested that 
there is a threshold stellar mass above which star formation 
is somehow quenched. These results imply that galaxy evolu- 
tion might depend, at some level, on the intrinsic properties 
of galaxies. Although mass might play an important role, 
the stellar mass functi on of galaxies has been found to de- 
pend on environment (iBaldrv et a/.l 120061 : iBolzonella et ali 
120101 ). Evidently, mass and environment are linked, and it 
is thus important to study them with caution. It is possible 
that there are various physical processes responsible for the 
transformation of galaxies, or that difi'erent mechanisms act 
in difi'erent environments, but this is still unclear. A number 
of plausible mechanisms have been proposed. We summarize 
the most important ones here: 

(i) Ram-pressure stripping (JGunn fc GottI Il972l ): the 
pressure due to the passage of the galaxy through 
the intra-cluster medium removes the galaxy's gas on 
timescales comparable to their cluster crossing time (a 
few 10® yr). The HI can be removed and/or its distribu- 
tion become very asymmetric, while cold molecular gas 
is of high enough surface density to prevent its distur- 
banc e even in the most massive clusters (jBoselli fc Gavazzil 
120061 . for a review). Depending upon the model one as- 
sumes, the gas could be removed from the disk, the 
halo or both, havi ng different implications on the star 
formation (see e . g. Abadi et al. 19991: Quilis et al.l l200d: 



Bekki et al.fl2002l: iBekki fc Couchll2003l; [Tonnesen fc BrvanI 



20091 : iKapferer et al.|[2009l : iRoediger fc He nslcr 200^) 



(ii) Mergers: simulations predict that a merger between 
unequal mass spirals can form an SO galaxy (Bekkilll998h . 
while major mergers are ver y likely to produce giant ellip- 
ticals (JNaab fc Burkertll2003r ). In cluster cores, the high rel- 
ative speeds of galaxies prevent the formation of gravita- 
tionally bound pairs during close encounters. In cluster out- 
skirts, the environment however is less dense in general and 
mergers are likely to take place (Mihos 20031). 

(iii) Galaxy harassment (|Moore et ali [l999|): tidal 



forces caused by close high-speed encounters with other, 
more massive, galaxies can cause disk thickening and gas 
fueling of the central region (possibly resulting in star for- 
mation). As a consequence, the gas becomes exhausted and 
star formation is quenched. This mechanism is understood 
to be particularly important in dwarf galaxies and is most 
efficient in the cluster periphery. 

(iv) Tidal interactions between galaxies 

and the clust er potential, "strangula tion" , or 

"starvation" llLarsoii. Tinslev fc CaldweUl Il98d : 

iBalogh. Navarro fc Morrid l200ofh the hot halo of a 
galaxy is stripped upon falling into a more massive halo. 
The tidal field of the cluster or group then removes the 
halo gas from the galaxy , halti ng its accretion onto the disk 
IjBekki. Couch fc Shioval 120011 ). Hence, this mechanism ef- 
fectively truncates the galax;y star formation. Altho ugh this 
mechanism is effective in low ma ss groups (M cCarthv et ali 
l2008l : iKawata fc Mulchaevl boOSl ) , it is unclear whether it 
can account for the apparently strong effect of the cluster 
environment. It is possible however, that the extreme prop- 
erties observed in galaxy clusters may be the result of some 
"pre-processing" of galaxies in groups before accretion into 
the c luster (e.g. IZabludoff fc Mulchaevlll998l : iMcGee et ail 
120091 ). 

Each one of these mechanisms is expected to be effec- 
tive in different overlapping regions of clusters, hence it can 
be difficult to distinguish the effects of the various phys- 
ical pr ocesses with observations. Figure 1 in iMoran et ali 
(J2007ah illustrates how tidal stripping is more effective to- 
wards the centre of clusters, while ram pressure stripping, 
starvation, and harassment are effective out to increasingly 
larger radii (in that order), and mergers dominate outside 
the cluster centre. However, little is still known about the 
importance of each mechanism to the transformation of spi- 
rals into SOs. In particular, it remains unclear whether all 
SOs formed through only one of the mechanisms mentioned 
above. 

A potential difference between the various mechanisms 
is their predictions on the star formation within the af- 
fected galaxies. In so me ram-pressure stripping models (e.g. 
iBekki fc Couchll2003r ) it is possible that the star formation is 
enhanced across the disk, while in a merger or tidal stripping 
scenario, a centrally conce ntrated starburst is likely to occur 
(Mih os fc Hernauistlll994r ). However, before we can distin- 
guish these differences, we must establish that a starburst 
or star formation suppression is present. 

A common approach to studying the physical mecha- 
nisms driving galaxy evolution is to observe and compare the 
properties of well-defined galaxy samples in different envi- 
ronments. Examples of these properties include gas and dust 
content, star formation rate, chemical composition, stellar 
populations, kinematics, luminosity, colour and many oth- 
ers. The combination of these observables (and the ability to 
reproduce them with models) is crucial for a complete un- 
derstanding. In addition to the study of individual galaxy 
characteristics, understanding the effect of environment on 
scaling relations is a very useful way of addressing the prob- 
lem. In particular, the relation between disk luminosity and 
maxi mum rotational veloci ty, i.e. the TuUy-Fisher relation 
(TFR. lTullv fc Fisheij[l977l ) has proven to be one of the fun- 
damental empirical clues to the physics of galaxy formation, 
in particular, to the relation between dark and luminous 
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matter in galaxies. By comparing the TFR of cluster versus 
(vs.) field galaxies it is possible to spot potential environ- 
mental effects that ultimately transform spirals into SOs. 
Whilst the internal kinematics of galaxies reflect the over- 
all gravitational potential (providing a proxy for the total 
mass) , the luminosity can be used as a proxy for both lumi- 
nous mass and star formation, if the right photometric band 
is chosen (the rest-frame B-band luminosity is particularly 
sensitive to star formation). 

Much effort has been made in understand- 
ing the local TFR , and its redsh if t evolution (e.g . 
TuUv fc Fisheil Il977l: ICole et al\ Il994l: IVogt et al\ Il99d: 
Ziegler et al. 2002: Kannappan. Fabricant fc Franxl 



20021: iMilvang- Jensen et al\ l2003l: lBohm~ 



Bamford. Aragon-Salamanca fc Milvang-Jensenl 



Nakamura et al. 2000; IWeiner et al 
2007; Kutdcmir et al] |2010| . aiid 



2004 



20061: 



20061 : iPizagno ei al\ 



references therein). 

Kassin et al\ (|2007l ) developed a revised TFR with the 



aim of understanding the scatter about the stellar-mass 
TFR. This new relation replaced rotation velocity (Vl-ot) 
with a revised kinematic estimator (So. 5) that accounts for 
disordered or non-circular motions through the gas velocity 
dispersion agaV- iSo.s = O.SKot + '^lai- This new relation 
between stellar mass and SO. 5 is remarkably tight for their 
Keck/DEIMOS spectroscopic sample over O.f < z < 1.2 
with no detectable evolution in slope or intercept with red- 
shift. They conclude from this that the galaxies are perhaps 
virialized over this 8 billion year period. Furthermore, they 
find that the SO. 5 stellar-mass TFR is consistent with the 
absorption-line-based stellar-mass Faber- Jackson relation 
for nearby elliptical galaxies in terms of slope and intercept, 
suggesting a physical connection between them. This has 
also been seen locally (over a larger mass and m orphology 
range) bv lZaritskv. Zabludoff fc Gonzalej i|2008l '). 

A few studies of the effect of the environment 
on the TFR have also been made. For instance, 
iMilvang- Jensen et al\ (|2003) found, in a rather small sam- 
ple (containing 8 cluster spirals at z = 0.83 and additional 
field galaxies), that cluster spirals were brighter than the 
field ones b y ~ 0.5 — 1 mag at a fi xed rotation velocity (1.5- 
2(T result). iBamford et al\ l|2005l ) found the same behavior 
with a significantly larger sample (111 galaxies in total at 
< 2: < 1). They conclude that this effect could be caused 
by an initial interaction w ith th e intra-clu ster medium. Con - 
troversiallv. Ziegler et al\ (12003) and Nakamura et al\ (|2006l ) 
found no difference between the cluste r and field TFR o f 
gala xies. Moreover, [ziegler et al\ (|2003l 'l: [jlger et al\ (|2004l ') 
and iMetevier et ali ( 20061 ) have found that in the cluster 
environment, many galaxies have non-circular motions. Un- 
doubtedly, larger and more homogeneous studies that search 
for relations with respect to cluster properties, redshift, etc. 
are still needed. 

In this paper, we use the ESO Distant Cluster Survey 
(EDisCS) dataset to make a statistically significant investi- 
gation of the environmental effects on galaxy evolution, by 
means of studying the gas kinematics, morphological dis- 
turbances, TFR, star formation, and location of the star 
formation within the disks of distant cluster, group, and 
field galaxies. The dataset is larger than all previous similar 
studies at high redshift and not only has the advantage of 
spanning a broad range in cluster properties but also con- 
tains a significant field sample to match the cluster galaxies. 



Unfortunately, because of the relatively low spectral resolu- 
tion of our data we are not able to make a comparative 
study of the SO. 5 steUar-mass TFR of lKassin et al\ (|2007l ') 
(see Section [2] for details on our dataset). Our aim is to un- 
derstand which physical processes are primarily responsible 
for the transformation of spiral galaxies into SOs in clusters. 
In particular, we are interested in addressing the following 
questions. How is the star formation of a galaxy falling onto 
a cluster affected? Does it decline immediately, or does it go 
through a period of enhancement? If so, is there a significant 
offset between the cluster and field TFR? Is this last episode 
of star formation centrally concentrated, leading to an en- 
hanced bulge-to-disk that would occur during a spiral-to-SO 
transformation? Do these processes depend on the galaxy 
location within the cluster, or on cluster properties such as 
their mass or concentration? 

The paper is organized as follows. Our dataset, galaxy 
selection criteria, and derived properties are described in 
Section [2] In Section [S] we explain the rotation-curve fit- 
ting procedure used to obtain reliable rotation velocities and 
distinguish galaxies with kinematical disturbances from the 
rest. We also describe the quality of the fits and our deriva- 
tion of velocity measurements for each galaxy. In Section |4l 
we produce matched samples (in redshift and rest-frame B- 
band magnitude) that enable us to make a fair comparisons 
between cluster and field galaxies. We present our results 
in Section [S] We first quantify the fraction of galaxies with 
disturbed gas kinematics in different environments in Sec- 
tions 15.11 and 15.21 We then perform a similar study for the 
morphologically disturbed galaxies in Section 15.31 In Sec- 
tion [5]4l we present the TFR of cluster vs. field galaxies. In 
Section lSTSl we separate galaxy groups from clusters to study 
the effects that lower density environments can have on the 
TFR. We also explore the effect of environment on the TFR 
of morphologically selected spiral galaxies in Section [5]6l In 
Section [5.71 we compare the specific star formation rates of 
TuUy-Fisher galaxies with those galaxies with disturbed gas 
kinematics. In Section r5.8l we examine how the location and 
extent of the star formation within the stellar disk is affected 
by environment. We finally discuss our results in Section [6] 
and draw our conclusions in Section [T] 

Throughout this paper, we assume a "concordance" 
ACDM cosmology with ^m = 0.3, ^a = 0.7, and Ho = 
70 km s"^ Mpc"\ 



2 THE SAMPLE AND DATA 

EDisCS is a multi-wavelength survey designed to study clus- 
ter structure and cluster galaxy evolution over a large frac- 
tion of cosmic time. The complete dataset is focused on 20 
fields containing galaxy clusters at redshifts between 0.4 and 
1. The cluster sample was selected to be among 30 of the 
highest surface brightn ess candidates in the Las Campanas 
Distant Cluster Survey (jGonzalez et aZ.l200lh . after confirm- 
ing the presence of an apparent cluster and a possible red 
sequence with VLT 20-min exposures in two filters. 

For the 20 fields with confirmed cluster candidates, 
matched optical photometry was t aken using FORS2 at the 
Very Large Telescope (VLT) fsee IWhite ei a/.ll2005l . for a 
detailed description). The optical photometry consists of B, 
V, and I imaging for the 10 intermediate redshift cluster 
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candidates and V, R, and I imaging for the 10 high redshift 
cluster candidates. In addition, near-IR J and K photometry 
was obtained for most clusters using SOFI at the New Tech- 
nology Telescope (NTT) (Aragon-Salamanca et al., in prepa- 
ration). Deep multi- s lit spectroscopy with FOR S2/VLT 
IJHallidav et al\ l2004l : iMilvang- Jensen et al\ l2008h showed 
that several of the confirmed fields co ntained multiple clus- 
ters at different redshifts (cf. also iGonzalez et al\ I2OO2I : 
I White et aZ.ll2005l ). The analysis presented in this paper is 
mostly based on these spectroscopic data, which we describe 
in some detail below. 

The s pectroscopic targets were selected from /-band 
catalogues (|Hallidav et alKOO^t l. Conser vative rejection cri - 
teria based on photometric redshifts (|Pell6 et ali |2009|) 
were used in the selection of spectroscopic targets to re- 
ject a significant fraction of non-members, while retain- 
ing a spectroscopic sample of cluster galaxies equiv alent 
to a purely J-band se l ected one. iHallidav et ali (|200J) and 
iMilvang- Jensen et all ()200a l verified that these criteria ex- 
cluded at most 1.3% of cluster galaxies. 

The extensive spectroscopic observations consist of high 
signal-to-noise data for ~ 30 — 50 members per cluster and 
a comparable number of field galaxies in each field down 
to 7 ~ 22. The wavelength ranged typically from 5300 A 
to 8000 A for two of the runs and 5120 A to 8450 A for 
the other two, although the exact wavelength range for each 
galaxy depends on its exact position on the mask. The expo- 
sure times were typically 4 hours for the high-z sample and 1 
or 2 hours for the mid-z one. Given the long exposure times, 
the success rate for the spectroscopic redshifts is 97% above 
the magnitude limit. The completeness of the spectroscopic 
catalogues, which depends on galaxy magnitude and dis- 
ta nce from the cluster ce ntre, was computed for each cluster 
in lPoggianti et ali (|2006l ). Typically, the spectroscopy sam- 
ples aj;egion_ou^_toacluster-centric radius equal to -R20(ij 
fsee lPoggianti et ffl/.ll2009l . and references therein). 

The slit size used for the spectroscopic observations was 
10 X 1 arcseconds, and the spectra have a dispersion of 1.32 A 
pix~^ or 1.66 A pix~^, depending on the observing run. The 
masks were designed using the /-band images, since they 
best correspond to the wavelength range chosen for the spec- 
troscopy. The slits were aligned with the major axis of the 
targeted object if the tilting of the slit did not exceed ±45°. 
In the second run however, this was only done for objects 
identifi ed as late-types by the photometric redshift code (we 
refer to IHallidav et al\ (|2004l '): IMilvang- Jensen et al\ (|2008l ') 
for full details on the mask design). 

The FWHM resolution of the spectroscopy is ~ 6 A, 
corresponding to rest-frame 3.8A at z — 0.6. This translates 
into a rest-frame la velocity resolution of ~ 70 km/s at 6780 
A (central wavelength of grism 600RI-I-19). For the typical 
signal-to-noise ratio in the emission lines, this means that 
reliable rotation velocities can be measured down to ~ 20 
km/s. 

In addition to this, ten of the highest redshift clus- 
ters from the database were enriched with Hubble Space 
Telescope (HST) mosaic imaging in the F814W filter with 



the Advanced Came ra for Surveys Wide Field Camera 
(see lDesai et aZ.1 120071 . for details). This allowed us to per- 
form a visual morphological classification of the galaxies in 
these fields. Mor eover, three of the fields ha ve Ha imaging 
llFinn et ffl/.lbOOSl ) and three have XMM data l|johnson et al\ 
120061 ). 

Cluster and field galaxies were distinguished using spec- 
troscopic redshift information. Galaxies whose spectroscopic 
redshift places them within ±3(Jc;uster of the Zduster in 
rest-frame peculiar velocity were considered cluster mem- 
bers. Galaxies w ith z outside this range were fiagged as field 
popu lation (see IHallidav et al\ |2004| : IMilvang- Jensen et ali 
[2003). EDisCS clusters have velocity dispersion in the range 
400 < ffv < 1100 km/s. Galaxy groups with velocity dis- 
persion of 160 < (j „ < 400km/s are also present (See 
IPoggianti et a/.ll2009l . for further details). Unless stated oth- 
erwise, the group and cluster populations will be studied 
together. However, in Sections 15.115.31 and 15.51 a separate 
analysis of cluster, group and field galaxies will be presented. 



2.1 Structural Parameters 

Inclinations were derived by fitting a 2-component 2D fit 
to F814W HST images when available, or Igw-band (VLT) 
images otherwise. The fit accounted for a bulge with a de 
Vaucouleurs profile and an exponential disk component, con- 
volved to the PSF of the images. Disk inclinations could 
then be derived. This was don e using the GIM2D software 
fsee ISimard et aZ.ll2002l . |2009| . for a detailed description of 
the method used). We verified that the use of different im- 
age data sets (HST or VLT) does not bias our results. This 
is illustrated in Figure [ij where HST inclinations are com- 
pared with those computed from VLT images. The figure 
contains two histograms. The one in the left hand panel 
shows the distribution of the difference between the two in- 
clinations (incHST — incvLx). The distribution peaks very 
near zero and has a rms scatter of ~ 10 deg. The right hand 
panel shows the ratio of the sines of the two inclinations, 
sin(incHST) and sin(incvLT). This was done to quantify and 
understand how much the choice of one or the other value 
of inclination would affect the positioning of the data points 
on the TFR (i.e. the values of logKot). The distribution in 
the right hand panel is very narrow, with a clear peak at 
sin(incHST)/sin(incvLT) ~ 1- Therefore, we can reliably use 
VLT-derived inclinations without biasing our results. This 
is also true for the less-demanding position angles. 

We note that inclinations were derived from a 2D fit 
to the images, under the assumption t hat all galaxies ha d 
a "bulge" and a "disk" component (see lSimard e t al. 20091). 
The presence of a "disk" component does not necessarily im- 
ply that there is an actual disk, because many dynamically 
hot systems have simple exponential profiles. In Section [l] 
we find that in the TFR sample (matched in z and in Mb), 
not all the galaxies are disks, although the vast majority 
(94%) are. Potential biases introduced by the small fraction 
of non-disk galaxies included in our sample are discussed 
later. 



^ Where ii200 is defined as the projected radius delimiting a 
sphere with interior mean density 200 times the critical density, 
commonly used as an equivalent of virial radius. 



2.2 Rest-Frame Magnitudes 

The magnitudes used for the construction of the TuUy- 
Fisher plots, and throughout this paper, were absolute B- 
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Figure 1. Inclinations derived from F814W HST images 
(incjjST) S't'E compared with those computed from 7-band VLT 
images (incvLT) for galaxies within our (luminosity and redshift 
limited) matched samples A and B used in this work (see Sec- 
tion IJll . The left hand panel shows a histogram of the difference 
between both values. The right hand panel shows a histogram of 
the ratio of the sines of both inclinations. We plot these ratios to 
understand how much the TFR (in particular, log Vrot) would be 
affected. As is evident, the distribution in the right hand panel is 
very narrow and peaks at 1. In both panels, the mean value and 
rms of the distributions are shown for reference. 



band magnitudes, Mb- We chose Mb because it is a good 
tracer of recent star formation. Values of Mb were calcu- 
lated from the observed SED of each galaxy, normalized to 
it s total J-band flux, and the spectroscopic redshift (we refer 
to lRudnick et fflZ.ll2009l . l2003l . for details of the calculation of 
Mb and luminosities). 

The magnitudes were additionally c orrected for i nterna l 
extinction, following the prescription of ITuIIv et ali l|l998l ). 
to give the corrected absolute rest-frame B-band magni- 
tudes, Mb, used in this paper. 



2.3 Star Formation Rates 

Star formation rates (SFRs), not corrected for dust, were 
derived from the ob served [OIIJ3727A fluxes following 
IPoggianti et al\ (|20P«). These fluxes were obtained by multi- 
plying the observed [Oil] equivalent width by the continuum 
flux, estimated from the broadband photometry using total 
galaxy magnitudes. Previous studies have shown that the 
obscured star forming gal axies are more common in clus- 
ter outski rts or groups (e.g. Saintongc . Tran fc H oldcn 2008; 
iGallazzi et al. 2009 ) . Unfortunatelly, we could not use unob- 
scured SFRs (as in IVulcani et a/.ll201Cl l due to the scarcity 
of mid-infrared detections in our sample. 

We derived specific star formation rates (SSFRs) by 
simply dividing the SFRs by the stellar mass. Stellar masses 
(Mj,) were computed by John Moustakas 

mm 



using the kcorrect 



IVulcani et al\ 

tool (|Blanton fc Roweid l2007fK 



which models the observed broad-band photometry, fitting 
templates obtained with spectrophotometric models. 

We used a [Kroupal (|200ll ) IMF covering the 0.1 Mq- 
100 M0 mass range. 



2.4 The sample 

We focus on a sub-sample of the EDisCS dataset consisting 
of galaxies with measurable emission in their spectra. First, 
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Figure 2. The open histogram shows the morphology distribu- 
tion of the galaxies with HST observations in our measurable- 
emission-line sample. The shaded area will be discussed in Sec- 
tion |3]2] and corresponds to the galaxies (within the HST sample) 
with poor emission line fits due to disturbed gas kinematics. The 
different morphologies are labeled in the plot. Whilst most of the 
galaxies have late- type morphologies, there is a small group of 
early-types in our emission-line galaxy sample. 



we rejected galaxies with emission-lines clearly affected by 
sky lines or without a discernible tilt (as judged by visual 
inspection). We then rejected galaxies with inclinations of 
less than 30° (inclination = corresponding to face-on) to 
ensure that rotation could be measured. We also rejected ob- 
servations affected by slit misalignment (misalignment with 
respect to the major axis of the galaxy > 30°) to ensure se- 
cure rotational velocity measurements. After applying these 
conditions, there were 1024 emission lines, belonging to a 
total of 422 galaxies. Typically, we could detect 3 emission 
lines per galaxy. These were typically (in order of frequency), 
the [OII]3727A doublet, H/?, the [OIII] 5007 and 4959A lines, 
H7, and H5. 

The "true" parent emission-line galaxy distribution is 
well represented by our sample. The fraction of EDisCS 
galaxies with emission-line spectra for which we were able to 
model emission-lines and measure a rotation curve is fairly 
constant (~ 35%) in the magnitude range of our galaxies. 

In Section |4l we impose additional constraints on 
the sample, in both Mb and redshift, to produce a 
luminosity-limited sample. This step is required before cre- 
ating matched cluster and field galaxy samples. Until then, 
all the sample described in this section is considered, unless 
otherwise stated. 

As explained above, our sample selection was based 
on the presence of measurable emission lines (and not on 
galaxy morphology). It is therefore interesting to deter- 
mine which galaxy morphologies passed our selection cri- 
teria. We have HST observations f or 61% of our sam ple, 
hence reliable visual morphologies l|Desai et a/.l 120071 ). Fi- 
gure [2] shows a histogram of the morphological types for the 
galaxies with HST observations. The open histogram con- 
tains all the fitted galaxies. The shaded area represents po- 
tential kinematically-disturbed galaxies, as explained later 
in Section [3.21 
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Table 1. Number of galaxies per morphology type for the sub- 
set of galaxies with HST observations. This sample is drawn from 
the measurable-emission-line galaxy sample, where no redshift or 
magnitude cuts have been made. The columns correspond to: (1) 
the morphology type; (2) the total number of galaxies with that 
morphology; and (3) the number of galaxies within that morphol- 
ogy group for which none of the emission-line fits were "good" , i.e. 
galaxies with disturbed gas kinematics. We refer to Section 13.21 
for the definitions of "good" and "bad" fits. These numbers are 
also represented in Figures [2] and |4] 



Morphology 


No 


galaxies 


No. 


"Bad" galaxies 


Elliptical (E) 




27 




15 


Lenticular (SO) 




17 




12 


Spiral (Sa to Sm) 




169 




31 


Irregular (Irr) 




30 




7 



As expected, most of the emission-line galaxies in our 
sample are spirals, and the distribution peaks at Sb mor- 
phology types. However, somewhat unexpected, there is a 
significant population of early-type galaxies, 27 of which 
are ellipticals. We return to this finding in Section [3. 21 after 
studying the gas kinematics of the galaxies. Table [T] quanti- 
fies the morphology distribution shown in Figure [2] 

Note that in a study of the star f ormation histories of 
EDisCS galaxies, IPoggianti et al\ (|2009) found a few spiral 
galaxies with spectra showing no emission lines. Obviously, 
these passive spirals are not present in our sample. 

We also note that we are unable to identify AGNs in 
our data, as the traditional optical diagnostics are based on 
emission lines that are not included in the spectral range 
covered by most of our spectra. For this reason, we do not 
distinguish or exclude g alaxies hosting an AGN from our 
emission- line sample. In IPoggianti et al\ (|2008,: ) however, it 
was estimated that, the contamination from pure AGNs in 
EDisCS spectroscopic sample is at most 7%. Because the 
contamination is negligible, we conveniently refer to galaxies 
interchangeably as "emission-line" or "star- forming" . 



3 ROTATIONAL VELOCITIES 

3.1 Rotation Curve Fitting 

In order to populate the TuUy-Fisher diagram with trustwor- 
thy measurements, we need a reliable method to compute 
the rotation velocity (Kot) of the galaxies under study. We 
use a synthetic rotation curv e method based on ELFIT2D 
by ISimard fc Pritchetl l|l999l ), and dubbed ELFIT2PY by 
iBamford et al\ 1 20051 '). which was designed to fit rotation 
curves to spatially resolved emission lines of distant galax- 
ies. In this technique, a model emission line is created for a 
partic ular set of param eters, assuming a Courteau rotation 
curve (jCourteaul 1 1997^ . and exponential surface-brightness 
profile. The galaxy inclination, seeing, and instrumental pro- 
file are provided as input and the fitting procedure also ac- 
counts for the galaxy size being comparable to the slit- width. 
A Metro polis algorithm (a Mark ov chain Monte Carlo pro- 
posed bv iMetropolis et al\\l953[ ) is used to search the pa- 
rameter space to find those which best fit the data, and to 
determine the confidence intervals of these parameters. For 



this work, ELFIT2PY was modified to best suit the char- 
acteristics of the EDisCS data used. Together with Kot.i, 
the algorithm also computes the best fit for the emission 
scale-length (rd, omission, i) of the fine. 

Because many galaxies in our sample have more than 
one measurable emission line, a fit was performed for each 
line independently. We label each line with the index i, which 
goes from 1 to the total number of emission lines available 
in the galaxy under study (A''). The complete fitting pro- 
cedure yielded A'^ values of Vrot,! and r-d, omission,! (as well 
as their uncertainties) for each galaxy. After careful quality 
checks (see Section l3.2p . these values were then combined 
into unique measurements of Kot and rd, emission for each 
galaxy (see Section [3.31 for details). The final errors in the 
measured parameters include the uncertainty caused by the 
multiplicity of chi-squared minima. All errors represent 68% 
confidence intervals {la errors). 

Final values of rd, emission were computed using a similar 
procedure to that used for Kot described in this paper. We 
use the emission scale-length to study the concentration of 
star formation with environment in Section TS. 81 



3.2 Quality Control 

To ensure the use of secure rotational velocities, we visually 
examined a sub-set of emission line fits and investigated 
whether poor fits could be identified by their reduced x^ 
(output from ELFIT2PY), median and maximum signal- 
to-noise of the data, length of confidence intervals, and/or 
extent of the emission-line. We reached the conclusion that 
there was no efficient way of rejecting poorly fitted emission- 
lines without visually inspecting their quality. For this rea- 
son, two people independently (YLJ and AAS) inspected the 
fits made to all the (1024) emission lines. We graded the fits 
according to their quality and created two groups: "good" 
and "bad" . Both classifiers agreed in the vast majority of the 
cases (91%). In the few cases where we disagreed, we adopted 
the most pessimistic outcome. This classification yielded 521 
"good" quality fits (i.e. reliable emission line fits) and 503 
"bad" ones. The "bad" fits correspond to either lines with 
poor signal, artefacts in the postage stamps (e.g. a poorly 
subtracted overlapping sky line or cosmic rays), or more 
frequently, poor fits due to disturbed gas kinematics in the 
targeted galaxy (i.e. observed rotation curve that did not re- 
semble a rotating disk). We note that generally, galaxies with 
kinematically "bad" fits consistently showed the same dis- 
torted features in all their visible emission lines. The "bad" 
fits were not used in the TuUy- Fisher analysis (Section 15. 4p . 
However, we used the information that they provided in a 
parallel study of the fraction of potential "kinematically dis- 
turbed" galaxies with luminosity and environment (see Sec- 
tions lS.ll and 15. 2p . After rejecting the "bad" fits, our sample 
decreased in size to 521 lines belonging to 289 galaxies. By 
performing such sample cleaning, we are able to ensure that 
all the fits used have reliable rotation curves, hence reliable 
measurements of Vrot . Figure [3] shows examples of "good" 
and "bad" emission-line fits.Q More than half of the galax- 



^ The complete set of emission line fits 

can be found in the EDisCS website at: 
|http://www. mpa-garching.mpg.de/ediscs/Papers/ Jaffe_tfr_2011/RCfits.html| 
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Figure 3. Representative examples of our HTS images, emission line fits and rotation curves. Our results for six galaxies are shown 
as means of illustrating the method and the quality of the fits. The first row shows the HST image of the galaxy with the slit position 
overlaid, the second row shows an extracted emission line from the 2D spectrum (postage stamp), the third row shows the best-fit model 
to that line, while the fourth row contains the residuals of the previous two. In addition, the traces or ID rotation curves are shown in 
the bottom row in physical units. Open circles represent the data points, while the filled ones are the model points. At the bottom of 
each column the morphology, redshift, Mb, line plotted, K-ot, and rj emission a^rs specified. The three panels on the left show "good" 
fits, while the three rightmost ones were classified as "bad" fits (see labels on the top). Note that the leftmost panel is a very good fit, 
while the other two good fits (more typical) are less good but still model the data reasonably well. The bad fits on the right show clear 
signs of kinematical disturbance in the 2D spectra, and in the observed rotation curves. For this reason, the model fails at reproducing a 
Courteau rotation curve. Also note that for example in the third column (from left to right), the emission line had a sky line subtracted. 
Although the subtraction is visible, this does not affect the fitting of the rotation curve significantly. There were cases however, where 
the sky subtraction was not as clean, making the fit a more difficult task. 



ies (55%) had more than one "good" emission line. The re- 
maining galaxies had only one measurable emission line from 
which a final rotational velocity could be computed. 



In Section r2. 41 we showed that the parent emission-line 
sample spans a wide range of morphologies but is mostly 
composed of spirals. At this stage, it is interesting to see how 
the quality of the emission-line fits is correlated with mor- 
phology, especially if we assume that galaxies with "bad" 
fits are kinematically disturbed systems. The shaded area 
in the histogram of Figure [2] shows the morphology distri- 
bution of the poorly fitted galaxies (galaxies for which all 
the emission-line fits available were flagged as "bad"). The 
open histogram draws the distribution of the full (good and 



bad) parent sample where HST images were available. The 
fraction of "bad" or kinematically-disturbed galaxies (/k) is 
plotted as a function of morphology in Figure U] and Table [T] 
lists (in numbers) the amount of "bad" fits obtained for each 
morphology group. It is evident that the worst fitted group 
of galaxies (the ones showing the greatest deviations from 
a Courteau rotation curve) are the early types (E and SOs). 
Interestingly, the worst fitted galaxies seem to be SOs and 
not the ellipticals nor the irregulars. However, as expected, 
the galaxies with the least amount of "bad" fits are the spi- 
rals. In the context of spiral-to-SO transformation, this im- 
plies that galaxies already having SO morphology have been 
subjected to strong disturbances in their gas content. 
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Figure 4. The fraction of galaxies with disturbed kinematics 
(/k) in the whole emission-line sample is shown for the different 
morphologies. Galaxies in cluster/group and the field are plotted. 
Horizontal error bars (when present) represent the grouping of 
adjacent morphology types, these cases are: Sa -|- Sab, Sb + Sbc, 
and Sc + Scd. This was done to increase the number of galaxies 
in these morphology bins. Error bars are the confidence intervals 
c^O.683) for b inomial populations, from a beta distribution (see 
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ICameronir201fl ) 



A very interesting finding is the discovery of 41 
emission-line early-type galaxies, 17 of which have "good" 
rotation curve fits. These galaxies could be the first obser- 
vational evidence of the existence of intermediate redshift 
early-type galaxies with a gaseous extended rotating disk. 
We will pursue a separate analysis on this interesting group 
of galaxies in a future paper (Jaffe et al., in preparation). 



3.3 Unique measurements of Kot 

We combined the individual rotational velocity measure- 
ments in each galaxy into a unique Kot value taking only 
"good" quality fits into account. After performing the fits 
and the quality checks (Sections 13. II and 13. 2[) , we were left 

with A'good values of Kot,i± '_ per galaxy, where the index 

i represents the individual lines and a~ and af are the left- 
and right-hand side errors in Kot.i- These (asymmetric) er- 
rors come from the best-fit model's confidence intervals. We 
then combined the yrot,i's by taking the weighted average, 
given by 



Vrot = 



E,io" ^«Kc 



(1) 



where Ui = l/(7tot,i, and atot,i = [{<^t) + i'^i ) ]/2, i-e. 
the average variance. The upper and lower errors {oy and 
ffy , or just ay ) in the unique Vrot were also evaluated by 
combining the individual errors in each galaxy. These unique 
error values were determined as the maximum value of the 
following two quantities: 
(i) A weighted combination of the standard errors ( a- ) 



E'^." 






(2) 



(ii) The standard error in the weighted mean, determined 
from the individual measurements 



/„ \2 J2i = 0° C'^rot.i — Kot) 

(SVrat) = 77 -. ■ 

JVeood — t 



(3) 



In other words, the + and — errors in K-ot are given by 



(cj"v- ) = Max 



(4) 



In this way, we take into account the cases for which 
there were inconsistent velocity measurements within galax- 
ies with more than one emission line. In these cases. Equa- 
tion [2] would underestimate the true uncertainty, while 
Equation O provides a more realistic error. The only prob- 
lem in using the described Alax function (Equation|4]) arises 
for galaxies with only one measured emission line for which 
Equation [3] has no meaning. However, we consider this to 
be a minor problem compared to the possibility of seriously 
underestimating the uncertainties. In most cases (66% of the 



time). Equation 13] yielded {ay ) = {a^ 



y 



To test the reliability of the measured errors we also 
computed a Xi for each value of Kot.i by calculating the 
quantity 



Xi 



Kc 



K-ot 



(5) 






J'+(-v 



which has a physical meaning only for galaxies with more 
than one velocity measurement. Figure [5] shows a histogram 
of the Xi values obtained. As is clearly evident, the Xi dis- 
tribution is very Gaussian and has a standard deviation re- 
markably close to 1, giving a high degree of confidence in 
the total errors used in this work and confirming that our 
errors are internally consistent. 



A complete table with the final Vrot, ?"(!, omission, 



and 



other characteristics of our full sample can be found in the 
electronic version. In this table, we have fiagged the galax- 
ies for which we had good or bad emission-line fits. We note 
that the galaxies that did not have a meaningful fit because 
they only had "bad" emission-line fits still have listed val- 
ues of Kot and Td, emission aud special care should be taken in 
using this numbers. Table \K\\ in the Appendix shows as an 
example, 10 (arbitrarily chosen) lines of the complete table. 



4 MATCHED SAMPLES 

Our emission-line galaxies (with fitted rotation curves) span 
a broad range of redshifts and rest-frame B-magnitudes, 
as Figure [6] shows. Galaxies of all qualities are plotted. 
The galaxies with "good" rotation curve fits are plotted in 
colours other than grey, depending on their environment: 
the blue open diamonds correspond to field galaxies, red 
filled diamonds to cluster galaxies, and black asterisks to 
group galaxies. The galaxies with "bad" rotation-curve fits 
are plotted in grey with the same symbols for environment. 
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Figure 6. Distribution of A/g with rcdshift for the 422 galaxies of our measurable-emission-linc sample. The cluster galaxies are plotted 
in filled diamonds, groups (0-^; < 400km/s) are represented as asterisks and the field sample corresponds to the open diamonds. The 
red, black and blue colours (for cluster, group and field galaxies respectively) correspond to those galaxies with "good" rotation-curve 
fits, whilst the grey symbols represent the poorly- fitted galaxies. Three sub-samples are drawn from this plot: the lower rcdshift matched 
sample A (labeled dashed-line box), the higher rcdshift sample, B (again drawn within a dashed-line box), and an overall matched sample 
C that covers the redshift range 0.36 < z < 0.75 and has the same magnitude limit as sample B (see dotted lines for guidance). For 
future reference, we have highlighted galaxies with HST observations with a surrounding grey circle. 



30 



■h 20 



10 





/ 


a=1.01 


: r 


/ 


-T, 


■ 

; 
/ 

; 


L 




: JV 




\ 
\ 


■ , h.-R 




, , , 1 \4rn,rnn, " 




Xf 



Figure 5. A histogram of the computed Xi (see Equation O for 
the independent velocity measurements in the galaxies with more 
than one good emission line available. The Gaussianity of the 
Xi-distribution and its unity standard deviation provides a high 
degree of confidence in the total errors in the rotational velocities 
used in this work. 



It is clear that there are more field than cluster/group galax- 
ies (~70% of the emission-line galaxies are in the field). Field 
galaxies are also more widely distributed in both redshift 
(0 < 2 < 1.2) and rest-frame _B-magnitudes (Afs < —14) 
than the cluster/group population. The difference in redshift 
between the field and cluster sample is a direct result of the 
redshift of our clusters. The different ranges in Mb are a 
consequence of the different redshift ranges, as the observed 
7-band targeting limit was the same for both cluster and 
field galaxies. 

To investigate possible differences between clus- 
ter/group and field galaxies, we created field galaxy samples 
to match the cluster/group population. We did this by im- 
posing cuts in redshift and Mb simultaneously. Three dif- 
ferent cuts were made, producing three luminosity-limited 
or "matched" samples, represented (with boxes) in Figure [S] 
and summarized in Table [2] 

The samples containing all ("good" and "bad") galax- 
ies are used in in Sections 15.11 15.21 15.31 and 15.71 while in 
Sections 15.41 15.51 and 15.61 only the matched samples con- 
taining galaxies with good rotation-curve fits, and velocities 
consistent with rotation, are considered. 

The redshift cuts for samples A and B were chosen so 
that each bin spans a similar amount of cosmic time ('^ 1.5 
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Table 2. Characteristics of the matched samples A, B and C of cluster/group and field galaxies (see Figure^, as well as for the whole 
sample (without any Mg or z cuts). For each sample, the following information is given: the magnitude limit, redshift range, number 
of galaxies with "good" rotation-curve fits, and number of galaxies with poor or "bad" rotation-curve fits. The last two quantities are 
given for cluster/group galaxies (labeled "Cluster") as well as for galaxies in cluster/groups or the field (labeled "Total"). The number 
of field galaxies in each case can be calculated by simply subtracting the number of cluster/group galaxies from the total number. The 
table also gives the sample sizes for the sub-samples with HST observations, in the same format as explained above. 



Sample A 



Sample B 



Sample C 



No cuts 



Mb (faint) limit 
redshift range 



-18.5 mag 
0.36 ^ 2 ^ 0.55 



-20.0 mag 
0.55 < z ^ 0.86 



-20.0 mag 
0.36 ^z^O.i 



All galaxies 

Total No. 

No. "good" galaxies 
No. "bad" galaxies 



Cluster Total 
57 143 

35 100 



Cluster Total 
60 151 

37 105 



Cluster Total 
109 264 

65 181 



Cluster Total 

132 422 

81 289 



22 



43 



23 



46 



44 



83 



51 



133 



Galaxies ^vith HST observations: Cluster Total Cluster Total Cluster Total Cluster Total 

Total No. 23 69 56 111 73 155 88 259 

No. "good" galaxies 18 55 34 77 47 112 59 188 

No. "bad" galaxies 5 14 22 34 26 43 29 72 



Gyr). Therefore, sample C spans ~ 3 Gyr of cosmic time. In 
what follows, we only consider galaxies within the limits of 
these 3 matched samples, unless otherwise stated. By doing 
this, we ensure a fair comparison between field and cluster 
galaxies (similar epochs and luminosities) , which is the main 
goal of this paper. 

We created matched samples in Mb rather than in stel- 
lar mass [Mi,), to keep the sample selection as close to the 
observables as possible. We note however that matching the 
samples in M* does not make a significant difference since 
Mb and M* are well correlated in our sample (see Figure [7|). 
Our Ms-matched sample C is equivalent to a M*-matched 
sample of M* > 3 x IO^Mq, in the same redshift range, with 
the exception of a few galaxies (~ 2% of the galaxies in C). 
Figure [7] shows that, although there is some scatter, Mb 
and M* are clearly correlated. In this plot, the Mb limit is 
shown as a vertical dashed line, and the M* limit as a hori- 
zontal one. These lines delimit four regions in the plot: the 
upper-right region contains galajcies selected in both magni- 
tude and mass (73.7%), the upper-left area contains those 
selected in mass but not in magnitude (9.7%), the lower- 
right region those selected in magnitude but not in mass 
(2.4%), and the lower- left those not selected in neither mass 
or magnitude (14.2%). 

The morphologies of the cluster and field galaxies in the 
matched sample C are shown in Figure [S] for galaxies with 
HST observations. The filled areas correspond to galaxies 
with "bad" rotation curve fits or disturbed gas kinematics 
in field (upper panel) and cluster/group (lower panel) en- 
vironments respectively. The overall distribution (of "good" 
plus "bad" galaxies) is shown in the solid lines (open his- 
tograms) in each case. Although the numbers are low (due 
to the sample being restricted to HST observations), the 
figure shows that there are more "bad" fits in cluster envi- 
ronments (~ 44%) than in the field (~ 25%). This effect is 
studied thoroughly in Section FS.ll for the matched sample C. 
Figure[8]also shows that while all of the cluster/group early- 




18 



-20 
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Figure 7. _B-band magnitude is plotted against the logarithm 
of the stellar mass for those emission-line galaxies in the range 
0.36 ^ 2 ^ 0.86. This plot shows that because Mb and M* are 
clearly correlated, a stallar mass selection would not difeer much 
from a magnitude selection. The M^ limit of sample C is shown 
in a vertical dashed line and a close-equivalent Ah limit is shown 
in a horizontal dashed line. 



type galaxies had "bad" fits, 7 field early-types (6 ellipticals 
and 1 SO) in this "matched" sample survived the quality 
filters. We emphasize that in the morphology distribution 
shown previously in Figure [2J the number counts are higher 
than in Figure |8] because in Figure [2j we did not restrict 
our emission- line sample in any way, whilst in Figure [S] we 
imposed magnitude and redshift cuts to create a "matched" 
sample. 

As mentioned in Section [2] when describing the data, 
the rest-frame B-band magnitudes were corrected for inter- 
nal extinction. When accounting for this effect, we used the 
galaxy inclinations, which were calculated from the mea- 
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Figure 8. Histogram of the morphological types for the galaxies 
with HST observations that are in the C matched sample for 
field (top panel) and the cluster/groups (bottom panel). The filled 
areas (in both panels) represent the galaxies for which all rotation- 
curve fits were "bad". The different morphologies are labeled in 
the plot. 



sured ellipticities, assuming all the galaxies to be disks. As 
Figure [8] illustrates, not all of the galaxies in our matched 
sample are disks. We note however that the number of el- 
lipticals is so small (6 with "good" fits in samples A and B) 
that the Mb correction applied to them does not alter our 
results. However, the inclination correction could potentially 
underestimate the luminosity and this may produce scatter 
in the TFR (Section 15. 4|l since both Mb and the rotational 
velocity depend on the inclination. The typical Mb correc- 
tion for these galaxies was very small (~ —0.3 mag), since 
their inclinations were all below ~ 55°. In Section [5.61 how- 
ever, we study the TFR of (strictly) morphologically selected 
spirals, where the inclination correction is more reliable. 



5 RESULTS 

5.1 Kinematically Disturbed Galaxies 

As explained in Section [3.21 a significant fraction of the fits 
made to the emission lines in our galaxy sample were clas- 
sified as "bad" fits. Many of these lines showed evidence of 
disturbed gas kinematics in the galaxy, thus, a Courteau ro- 
tation curve could not provide a good fit. We use this infor- 
mation to investigate the fraction of galaxies with disturbed 
gas kinematics ("bad" galaxies) with environment. The left- 
hand panel of Figure [9] shows the fraction of "bad" over total 
number of galaxies (/k = -jf'^^) in the matched sample C 
as a function of Mb (in bins that contain the same number 
of field galaxies). Although sample C spans a broad redshift 
range, in Section [5.51 we show that the luminosity evolution 
is not significant in the 0.3 < z < 0.9 redshift interval. We 
also note that if we split sample C in two redshift bins, we 
obtain the same trends shown in Figure [5] for both samples. 
The 1-a uncertainties in the bad fractions were cal- 
culated from the confidence intervals (at confidence level, 
c~0.683) derived from binomial population proportions us- 



ing the beta distribution (see lCameronll201ll . for a descrip- 
tion and justification of the method). 

It is evident that the fraction of kinematically-disturbed 
galaxies in clusters is greater than in the field population, 
at least for AIb < —20.5. The percentage of "bad" over 
total number of galaxies in the whole Mb and redshift range 
(of sample C) is 40^4% for clusters and groups (44lg% in 
clusters, Slly % in groups), and 25^3% in the field. 

It is important to recall that not all galaxies that 
were categorized as "bad" are necessarily kinematically dis- 
turbed, but the vast majority of them are. As explained in 
Section 13.21 some of them simply had poor quality spec- 
tra (e.g. badly subtracted sky lines near the studied galaxy 
emission line) but frequently, it is a difficult task to dis- 
tinguish between these cases. Nonetheless, it is reasonable 
to argue that the results presented here are not biased be- 
cause in principle, galaxies with bad spectra should appear 
in both field and cluster samples equally, and also their 
AIb are distributed in the same way as the parent sam- 
ple. However, to verify that this is true, we examined all 
galaxy spectra again to make a very conservative cut that 
distinguishes kinematically-disturbed galaxies from the oth- 
ers (all the doubtful cases were rejected). We repeated the 
exercise presented in the left hand panel of Figure [2] but this 
time, we only considered as "bad" , those galaxies with clear 
and strong signs of kinematical disturbance in their spectra. 
By making these conservative cuts, the sample reduced to 
about half of its size. This is shown in the right hand panel 
of FigureO where we found similar trends as in the left hand 
panel, but for a smaller number of galaxies. Numerically, the 
percentage of (confirmed) kinematically disturbed over to- 
tal number of galaxies in the whole Mb range is 22lg% for 
clusters, 1715°% ^'^^ groups, 2lj;4% for clusters and groups, 
and 13l2% i^or field galaxies. Because of the difficulties in 
separating kinematically-disturbed galaxies from the rest, 
and having shown that the cut adopted does not bias the 
trends with magnitude and environment, we adopt the first 
cut (shown in the left panel of Figure [9]) hereafter. 

Figure [§] shows that, in clusters, the fraction of 
kinematically-disturbed galaxies is higher at brighter mag- 
nitudes. This does not happen in the field (or the effect is 
too mild to detect). It is not clear whether groups follow 
more closely the cluster or field behaviour (more detailed 
discussion in Section [5. 2 1) . A possible interpretation is that 
the trend observed in clusters could be the result of fainter 
(less massive) cluster galaxies having aheady been stripped 
of their gas completely. This would cause them to have no 
(or very little) emission in their spectra, and are hence ex- 
cluded from our emission-line galaxy sample. Nonetheless, it 
is arguable whether this could be a consequence of a larger 
fraction of early-type galaxies, (which are more likely to 
have disturbed rotation curves, as shown in Figure |4| at 
higher luminosities in clusters. We discarded this possibil- 
ity by repeating the exercise shown in Figure [5] with only 
the morphologically confirmed spirals. The results we obtain 
are compatible with our findings for the entire emission-line 
sample but are inevitably affected by larger uncertainties 
due to the reduced number of galaxies. 

In addition to the above interpretation, it is arguable 
that the most luminous galaxies are those that were accreted 
more recently and therefore our results reflect the influence 
of the cluster environment at play. In a hierarchical Uni- 
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Figure 9. The fraction of galaxies with disturbed kinematics is shown for different environments as a function of Mb for the "matched" 
sample C (see Figure|6]or Table[2]for the definition of the samples). In the left hand panel, all the "bad" rotation curve fits are considered. 
The right hand panel shows the same but with a more conservative cut in the definition of "bad". In this case, we have revised the 
"bad" emission-line fits to isolate galaxies with "secure" kinematical distortions (see text for details) and reject galaxies with spectra 
that are presumably affected by artefacts. The different environments are shown in the legend of the plot on the left and also apply for 
the right hand plot. The error bars in the abscissa correspond to confidence intervals for binomial populations (from a beta distribution, 
see [Cameron 2011) and the horizontal error bars (shown at the top of the plots) simply represent the bin size in Mb- These bins were 
chosen to contain similar number of field galaxies. The position of the points correspond to the median value of the galaxies within their 
magnitude bin. It is clear that the plot on the right agrees with the plot on the left, albeit with larger error bars due to the reduced 
sample size. 



verse, one expects more massive systems to be accreted later, 
although there is some scatter (De Lucia et al., in prepa- 
ration). In Section [5.21 however, we show that the fraction 
of kinematically-disturbed galaxies decreases with distance 
from the cluster centre (see Figure [TT|) . hence the above in- 
terpretation is unlikely. The results of Section 15.21 suggest 
another possibility: /k may grow with luminosity because 
brighter (emission-line) galaxies may be more likely to re- 
side in the cluster centres, where there is a higher incidence 
of kinematically-disturbed galaxies. We discard this possi- 
bility since we find no correlation between the luminosity of 
the cluster galaxies and their distance to the cluster centre. 



5.2 Probing the Environment 



In Section 15.11 we compared the gas kinematics of cluster, 
group and field galaxies. There are other ways however of 
studying environmental effects on the galaxies' gas state. In 
this Section, we investigate the dependence of the fraction 
of kinematically-disturbed galaxies with (i) velocity disper- 
sion of the galaxies' host cluster, (ii) projected distance from 
the galaxy to the cluster centre, and (iii) projected galaxy 
density. 

A useful way to quantify the global environment in 
which a galaxy resides is in terms of the cluster velocity dis- 
persion of the parent cluster ((Tciustcr), a good proxy for the 
cluster mass. The top panel of Figure [10] shows the cluster 
velocity dispersion distribution of all the cluster emission- 
line galaxies (open histogram) in the matched sample C, 
and highlights the distribution of galaxies with bad fits or 
kinematical disturbances (filled histogram). The cluster ve- 
locity dispersion range covered by EDisCS is very broad and 
thus is a good probe of environmental eflects on galaxy prop- 



erties. The bottom panel of Figure [TO] shows the fraction of 
kinematically-disturbed galaxies as a function of cluster ve- 
locity dispersion. This plot reinforces the results presented 
in Section 15.11 showing that the fraction of kinematically- 
disturbed galaxies increases with (Tciustcr by a factor of ~ 1.5 
between Uciustcr — 100 — 800 km/s (followed by a point 
of significant uncertainty at (Tciustcr ~ 1100 km/s). A non- 
parametric Spearman's rank correlation coefficient analysis 
of the trend shown in Figure [TIJ] indicates that the observed 
correlation is only significant at the 83% level, so this result 
needs to be confirmed with larger samples. 

A frequently- used way of quantifying the local environ- 
ment for a galaxy is the distance from the cluster centre, 
which should be correlated with, among other things, the 
density of the intracluster medium (ICM) and the veloci- 
ties of the galaxies inside that radius. To compare galaxies 
in all clusters, we normalize the distance from the galaxy 
to the centre of the cluster (r) by i?200, and study the ra- 
tio r/^200^_The_valuesof r/i?200 used here were computed 
in [Poggianti et al\ (|2006l ). Figure [TT] shows the fraction of 
kinematically-disturbed galaxies as a function of r/7?200- 
The blue point corresponds to the field population and is 
plotted for reference at arbitrarily large radius. The figure 
shows a clear trend of increasing disturbance towards the 
cluster centre. This correlation is also significant at the 98% 
level. 

We investigate how the fraction of kinematically- 
disturbed galaxies is affected by projected galaxy densities. 
T he projected loca l galax y densities used here are described 
in lPoggianti et al\ (|2008l ). Briefiy, densities were computed 
for each spectroscopically confirmed cluster member. They 
were derived from the circular area {A) that, in projection 
on the sky, encloses the A'^ closest galaxies brighter than an 
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Figure 10. Top: The cluster velocity dispersion distribution 
of all galaxies in sample C (open histogram) and the distribu- 
tion of those with "bad" fits (filled histogram) are plotted. Bot- 
tom: The fraction of "bad" galaxies (i.e. galaxies with disturbed 
kinematics) is shown as a function of cluster velocity dispersion 
for the matched sample C. The blue asterisk at Cciuster — 
km/s corresponds to the field populatio n, shown for compar i- 
son. The values of o•^.^^g(.p^. w ere ta ken fromlHallidav et al\ 1 12004^ , 
iMilvang-Jensen et'ai\ l|2008t ). and lPoggianti et al\ l|200it l. A non- 
parametric Spearman's rank correlation coefficient analysis indi- 
cates that the correlation shown in this figure is significant at the 
83% level. 



absolute Mv limit. Hence, the projected density is E = N/A 
and is given in number of galaxies per square megaparsec. 
The value of A^ used was 10, and the limiting magnitude 
was Mv = —20. In this paper we use the density com- 
p uted from the "statisti cal subtraction method" described 
in Poggianti et ali (|200»). In this method, all galaxies in the 
EDisCS photometric catalogues are used, and E is then cor- 
rected using a statistical backg round subtraction. We note 
that the calculations made in IPoggianti et ali (|2008l ) ex- 
cluded two fields without deep spectroscopy, and two others 
that have a neighbouring rich structure at slightly different 
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Figure 11. The fraction of galaxies with disturbed kinematics is 
shown as a function of r/R200 for the luminosity-limited sample 
C. All the "bad" rotation curve fits are considered. The data point 
for the field is plotted for comparison at arbitrarily high r/i?200 
in a blue asterisk. There seems to be significantly more galaxies 
with disturbed gas kinematics towards the cluster centre than 
in the field or high cluster-centric distances. A Spearman's rank 
correlation test indicates that the correlation shown in this figure 
is significant at the 98% level. 



redshift, indistinguishable by photometric properties alone. 
For this reason, our E analysis contains only part of our 
matched sample C, but this fraction is nonetheless signifi- 
cant. 

Figure [T2I (bottom panel) shows the fraction of kinema- 
tically disturbed cluster/group galaxies in the luminosity- 
limited sample C as a function of projected densities. It is 
clear that the fraction of kinematically-disturbed galaxies 
remains constant with E, up to the highest densities. 

To test that the trends seen in Figures 1101 1111 and [T^ 
are not dominated by the inclusion of elliptical and SO galax- 
ies (which we know are more likely to be disturbed, see Fi- 
gure|3)), we repeated each plot without the known E/SOs and 
obtained the same trends. In addition, we repeated them 
with only confirmed spirals. Because we only have visual 
(HST) morphologies for about half of the sample, the num- 
ber of galaxies reduces significantly. The observed trends for 
the spiral galaxy sample remain unchanged, but inevitably 
suffer from greater uncertainty. 

Because of the small number of galaxies in the bins of 
Figures 1101 1111 and 1121 we adopted a conservative approach 
in estimating t he confidence intervals (the one described in 
ICamerorJl201ll ). However, the clear and smooth trends that 
we observe in Figures [10] and [11] seem to suggest that we are 
overestimating the errors somewhat. 

When comparing the results obtained from Fig- 
ures 1101 111! and 1121 it is clear that the gas kinematics is 
not affected by the local galaxy density, but significantly af- 
fected by the nature of the global environment itself (cluster 
mass and distance from centre) . This strongly suggests that 
what affects most the properties of the gas in cluster galax- 
ies has to be linked to the ICM and/or the gravitational 
potential of the cluster itself and not to galaxy interactions. 
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Figure 12. The top panel shows the distribution of the projected 
densities of the cluster emission-line galaxies in sample C. In the 
bottom panel, the fraction of galaxies with disturbed kinematics is 
shown as a function of projected density for cluster/group galaxies 
in the luminosity-limited sample C. The horizontal dotted line 
corresponds to the mean value of /k and is plotted to show that 
the fraction of kinematically-disturbed galaxies is consistent with 
that value at all densities. 



5.3 Morphologically Disturbed Galaxies 

With the aim of comparing the state and distribution of 
the gas and the stars for galaxies in different environments, 
we performed an independent analysis of the morphologi- 
cal disturbances of the galajcies, as traced by optical (HST) 
imaging. The expectation is that our analysis of the 2D 
spectroscopy we have just described provides information 
on the gas structure and distribution, while the optical hght 
traces the stellar structure. For the 155 (out of 264) galaxies 
with HST observations in the luminosity limited sample C, 
we fitted a smooth single-Se rsic index model. We used the 
GALFIT code, described in IPeng et oil (|2002l '). The set-up 



with which GALFIT ruri s , nani ed GALPHYllfl, is described 
in detail in IHovos et al\ l|201ll 'l. Residual images were cre- 
ated by subtracting the model from the galaxy's HST im- 
age. These residuals highlight the presence of morphological 
distortions and contain valuable information about the in- 
teraction state. 

Three of the authors of this paper (AAS, CH, and YLJ) 
independently examined the residual images and graded 
the level of morphological disturbance of the galaxies un- 
der study. We did this by looking for different features 
such as asymmetry, presence of tidal tails, nuclear compo- 
nents, mergers, and interactions. Each of these parameters 
were graded separately. By comparing the parameter space 
drawn by each examiner, we reached the conclusion that the 
most reliable (and consistent) way of determining the degree 
of morphological disturbance was the quantification of the 
asymmetry in the residual image. Hence, we defined a mor- 
phological disturbance index by combining the grades for 
the asymmetry parameter from the different examiners into 
an average grade. The disturbance index increases from 
in the positive direction as the level of asymmetry becomes 
stronger. From the distribution of morphological distortion 
in our sample, we then defined two sub-samples of morpho- 
logically "good" and morphologically disturbed galaxies by 
choosing a threshold value (see orange arrow in Figure [T^ . 
Figure [14] shows a few examples of what we call morpholog- 
ically disturbed and undisturbed galaxieQ. 

To understand how the morphological and kinemati- 
cal disturbances are related, we compared the morpholog- 
ical disturbance index for both the kinematically "good" 
and "bad" samples. This is illustrated in Figure 1131 where 
we have plotted the morphological distortion index for the 
galaxies with disturbed gas kinematics (dashed blue line) 
and the galaxies with good rotation curve fits (solid black 
line). The figure also contains an inner plot showing the cu- 
mulative distributions and the resulting KS statistics. We 
find that although the distributions are statistically differ- 
ent (Pks ~ 10~^), there does not seem to be a very clear 
difference between the morphological disturbance indices of 
galaxies with perturbed and unperturbed gas distributions. 
This suggests that the disturbance we observe in the gas is 
not directly linked to the galaxy s morphological distortions. 

Keeping in mind that early type galaxies are more likely 
to be kinematically disturbed (see Figure [4|, and that there 
are more kinematically-disturbed galaxies in clusters than in 
the field (see Figure [9|, we repeated the analysis shown in 
Figure [131 with only morphologically-classified spiral galax- 
ies, separating cluster and field ones. The results did not 
change significantly. 

We also studied the fraction of morphologically dis- 
turbed galaxies, /m, as a function of Mb in the same manner 
of Section 15.11 The result is shown in Figure [TS] (plotted in 
the same way as Figure [9] for comparison). We observe that 
there is no significant difference between the morphologically 
disturbed galaxy fraction between cluster, group, and field 



■^ Developed in python by Carlos Hoyos 

* The complete set of HST images, single-Sersic fits 
and residuals images for the EDisCS galaxies treated 
in this paper can be found in the EDisCS website at: 



|http://www.mpa-gar ching.mpg.de/ediscs/Papers/Jaffe-tfr_2011/single-sersic-fits.ht 
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Figure 13. The distribution of the degree of morphological dis- 
tortion is plotted in a histogram with normalized area (to unity) 
for: galaxies with good rotation curve fits (i.e. with normal disk 
kinematics, shown in a black solid line), and galaxies with dis- 
turbed disk kinematics (blue dashed line). The vertical (orange) 
arrow indicates the limit where we have separated non-disturbed 
from disturbed morphologies (definition used for Figure [TSj. The 
sample plotted is the luminosity limited sample C that counts 
with HST observations (see circled symbols in Figure [6)l- The 
inset panel shows the cumulative distributions of the morpholog- 
ical disturbance, as well as KS statistics, for the kinematically 
disturbed and undisturbed galaxies. 



environments in the Mb range studied. Our results are ac- 
tually consistent with a constant morphologically disturbed 
fraction as a function of Mb in all environments. The total 
fraction of morphologically disturbed galaxies (over the full 
Mb and redshift range of sample C) is 47 ± 7% in clusters, 
4ltio9^ in groups, 45±6% in cluster and groups, and 49±6% 
in the field. It is important to point out that these fractions 
should only be compared internally within our study since 
the actual value of /m will depend on the definition of "ki- 
nematically disturbed" or "morphologically disturbed" . For 
instance, if we shift the vertical arrow in Figure [T3] that de- 
fines the threshold between kinematical disturbed and non- 
disturbed galaxies, the fractions change in number. How- 
ever, the lack of a trend seen in Figure [T^ does not change. 
We emphasize that the high fraction of disturbed galaxies 
(of ~ 50%, cf. Figure I15|l is a direct result of the thresh- 
old used to define morphological disturbances (the orange 
arrow in Figure [T3] roughly divides the galaxy sample in 
half). Moreover, by subtracting a smooth model to the HST 
images, small mor phological disturbances are enhanced (cf. 
IHovos et aZ.ll201ll ). increasing the number of galaxies cate- 
gorized as "morphologically disturbed". 

We note that, our index for morphological disturbance 
(a visual index) is very similar to the asymmetry index 
in the CAS system (|Conselicel bOOa ) . Our threshold value 
for defining morphologically disturbed galaxies is approxi- 
mately equivalent to a CAS asymmetry index greater than 
0.2. When using CAS asymmetry measurements and adopt- 
ing this threshold value, we obtain the same trends observed 
in Figures [T51 and [T51 

The results presented here for the disturbance of the 
structure of the galaxies' stellar component and those 
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Figure 14. Representative examples of the method used to iden- 
tify morphological disturbances in our galaxy sample. Our results 
are shown for four galaxies, the two on the top were considered 
"good fits" or morphologically undisturbed galaxies, while the 
other two were classified as "morphologically disturbed" . The first 
column presents the HST cutout of the galaxies, the second col- 
umn shows the best-fit model made to that image, and the third 
column exhibits the residual image between the model and the 
data. Galaxy names. My and effective radius are listed at the top 
of each galaxy. 



from Section 15.11 show that the fraction of kinematically- 
disturbed galaxies is higher in clusters, whilst the fraction 
of morphologically disturbed galaxies does not change sig- 
nificantly with environment (see Figures |9] and I15|l . This 
suggests that environmental effects are mild enough to not 
disturb the stellar structure in the galaxies significantly, but 
to strongly affect the gas in cluster environments. The im- 
plications of this result will be discussed in Section [S] 



5.4 The Tully-Fisher Relation of cluster and field 
galaxies 

One of our principal aims is to study possible variations 
with environment of the TFR to help us understand what 
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Figure 15. Fraction of morphologically disturbed galaxies in dif- 
ferent environments as a function of Mg, for galaxies with HST 
data in the matched sample C. This plot is analogous to the ones 
shown in Figure [9] but instead of showing the disturbance in the 
gas kinematics with environment, it studies the disturbances in 
the stellar structure. The different symbols correspond to differ- 
ent environments, as shown in the legend. The error bars and Mb 
bins (shown at the top of the plot) are as in Figure |9] We observe 
no dependence of morphological disturbance on environment. 



happens when field galaxies fall into a cluster. Having cre- 
ated matched cluster and field galaxy samples (Section |4]), 
we proceed to construct TuUy-Fisher diagrams and compare 
the distribution of cluster and field galaxies in them. For this 
study, we only use galaxies with good rotation-curve fits. To 
ensure these galaxies are supported by rotation, we checked 
that their computed velocities were consistent with non-zero 
rotation by rejecting galaxies with Viot < 2cr^ , where Oy 
is the left-hand side error on 'K-ot . Forty-five of our "good" 
galaxies were consistent with no rotation. Typically, these 
galaxies have Vrot ~ 15 km/s and ay ~ 20 km/s. Their 
morphology distribution is as broad as the parent sample, 
with a higher number of irregular galaxies, and their Mb 
mimics the sample of "good" galaxies, peaking at ~ —20.3 
mag. 

The top panels in Figure [!§] shows our TFRs. The abso- 
lute rest frame B-magnitude is plotted against the log Kot 
for cluster/group galaxies (red symbols) and field galaxies 
(blue symbols) for the low and mid-z matched samples (sam- 
ple A in the left hand panel and sa mple B in the right hand 
panel). The fiducial local TFR of ITuUv et all (|l998l . from 
now on T98) is shown as a dotted-dashed line in both pan- 
els for reference. A relation can be seen in both samples, 
although the Mb limit of sample B confines the TFR to a 
range of a few magnitudes. The observed scatter in the TFR 
is 0.233 dex in Kot. This scatter is not dominated by the er- 
rors in Vrot, which are typically ~ 0.07 dex. The intrinsic 
scatter we measure is thus 0.230 dex. Our scatter is larger 
than local studies of the TFR but smaller than similar stud- 
ies at high redshift. For exam ple, the TFR prese nted here 
has lower scatter than that of Kassin et al\ (|2007|) . As men- 
tioned above, they are able to reduce it significantly by re- 
placing rotation velocity with a kinematic estimator, which 
accounts for non-circular motions through the gas velocity 
dispersion. In this paper, owing to our poor spectral reso- 



lution, we are unable to measure velocity dispersions, and 
hence apply their method. In Section [5.61 however, we show 
that the scatter is reduced if we limit our sample to spiral 
galaxies only. 

To compare the cluster and field TFRs, we define 
the quantity AMs as the vertical difference in Mb be- 
tween our data points and the local relation plotted. 
The middle and bottom panels in Figure [16] show the 
AMb distributions and cumulative distributions respec- 
tively, again for the two redshift ranges of our A and 
B matched samples. The fact that the AMs distribution 
peaks at ~ — Imag is p robably due to some evolution 
with redshift of the TFR (IVogt et aZ.lll996l: feamford ef all 



20051: Bamford. Aragon-Salamanca fc Milvang-Jensenll2006l : 
Weiner et aUvlQQW . However, since it is extremely difficult 
to make direct reliable compari sons between TFRs at z ~ 
and at intermediate z (see, e.g. IWeiner et al\\2QQ(x \. we will 
not attempt to quantify this evolution here and only make 
comparisons internally within our sample for which the se- 
lection effects and measurement biases are the same. From 
these plots, we can see that cluster/group and field galaxies 
have a remarkably similar distributions of AA/_b, implying 
that they follow the same TFR. When applying a KS test 
to the matched sample A (left hand panels), we obtained 
a probability that the 2 samples are drawn from the same 
distribution of Pks = 0.99. In sample B (right hand panels), 
Pks = 0.74. These numbers are also shown in the bottom 
panel of Figure 1161 

Although no difference is observed between clus- 
ter/group and field TFR in Mb (for a fixed Kot), it is still 
possible that a difference could arise in their K-ot for a fixed 
Mb- To test whether this hypothesis is true, we computed 
the horizontal (velocity) difference between the data points 
and the local TFR (AVrot). Again, no difference between 
cluster/group and field galaxies is observed. 

The lack of evidence for environmental effects on the 
TFR could be caused by the fact that we cannot plot the 
kinematically-disturbed galaxies on our TuUy-Fisher dia- 
grams, as their rotational velocities cannot be reliably mea- 
sured. If there were an enhancement/suppression of the star 
formation in galaxies falling into clusters (hence an increased 
B-band luminosity), this should be more easily seen in the 
galaxies that already show signs of gas disturbance. How- 
ever, it is precisely these galaxies (flagged as kinematically 
"bad" ) we rejected because of our inability to fit a robust ro- 
tation curve (from which we could measure Kot). Neverthe- 
less, if we take the observed lack of differences between the 
field and cluster TFRs at face value, we would conclude that 
there is no significant enhancement in the star formation of 
the infalling galaxies (which presumably could have been 
caused by environmental effects such as mergers in the clus- 
ter outskirts or compression of the interstellar medium by 
interaction with the clusters' dense intergalactic medium). 
However, it is clear that additional independent evidence is 
needed to draw definitive conclusions. To achieve this we 
will combine the TFR results shown here with a study of 
the star formation activity of the galaxies in Section [STT] 

The lack of significant differences between the TFRs 
of field an d cluster galaxies that we find here agrees wit h 
the work of lNakamura et al\ (|2006l ) and lZiegler ei aZ.lll2003l), 
but di sagrees with the 3(t difference found bv lBamford et al\ 
(■2005=). While Nakamura et al. and Ziegler et al. carried out 
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Figure 16. Mg vs. log Vrot is plotted in the two upper panels for the low and mid-z samples (A and B, respectively, as labeled). As 
in Figure |6l the cluster/group g alaxies are plotted as red filled diamonds, and the matched field sample corresponds to the blue open 
diamonds. The fiducial TFR of ITuUv et al\ 1119981 ) is marked by the dotted-dashed line in both panels. The middle panels show the 
distribution of the vertical difference between the points and the plotted line {AMg) for cluster/group (red) and field (blue) galaxies for 
each sub-sample. The bottom panels show the cumulative distributions of AMb in each case. The Kolmogorov-Smirnov (KS) probability 
that the two samples follow the same distribution, PkSi is shown in a corner. 
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rotation curve quality controls similar to the ones performed 
here, Bamford et al. accepted fits of lower quality. To test 
whether this is the cause of the discrepant results we re- 
peated our TFR analysis accepting the Vrot values derived 
from all the fits, including those from bad quality ones. We 
find that even when including the "bad" fits, we found no 
significant difference between the TFRs of cluster/groups 
and the field. We thus conclude that difi'erences in the qual- 
ity of the accepted fits are not responsible for the discrepant 
results obtained by Bamford et al. and ourselves. We offer 
no convincing explanation for this discrepancy, but since our 
sample is significantly larger than theirs and the quality of 
our data is at least as good (and often better), we trust that 
our result is more robust. 



5.5 The difference between cluster and group 
galaxies in the TFR 

Cluster cores can have severe effects on galaxies residing 
near it. Galaxies however, are thought to interact with harsh 
environments well before reachi ng the centre of a cluster. 
l|Kodama et aZ.ll200ll : iTreu et ah 2003 1. In the hierarchical 
scerario of structure formation, infalling groups of galax- 
ies build the rich galaxy clusters we observe today. Galaxy 
groups are thus likely to re present a na tural environment 
for galaxy preprocessing (e.g. lFuiitall2004r ) through tidal in- 
teractions that would not be as effective in higher velocity 
dispersion environments. 

In this section, we distinguish galaxies in clusters and 
groups in the quest for evidence of more refined environ- 
mental effects. We compare galaxies in clusters, groups, and 
the field with each other in the TuUy-Fisher diagram in a 
similar manner to Section [5.41 

When distinguishing group from cluster galaxies our 
number counts inevitably drop. We therefore consider in this 
section the matched sample C that spans the redshift range 
0.36 ^ 2 ^ 0.86 and is limited by Mb = —20 mag. In this 
way, we improve the quality of our statistics. Because the 
redshift range of the full matched sample C is large, we first 
test whether evolutionary effects would bias this study in 
the following. We do not attempt however to perform an 
accurate TFR evolution study since it is very difficult to 
properly fit a TFR to high redshift galaxy samples (given 
the magnitude cuts and the amount of scatter present). For 
this reason, we only quantify evolutionary trends by com- 
paring our data points with the local TFR, assuming the 
slope is constant across the entire redshift range. 

The middle panels of Figure [TS] showed that our 
matched samples have a brighter TFR than the local re- 
lation. We represent this with the quantity AAfs, which 
equals the vertical difference between the galaxy's Mb and 
the local TFR. By comparing the same galaxy popula- 
tion (e.g. only field galaxies) in sub-samples A and B (at 
low and mid-z, respectively) against the local relation, we 
are able to quantify the TFR evolution from 2 = to 
the mean redshifts of samples A and B. The field galax- 
ies of sample A, show a median Aa/^ of = —0.93 mag 
((AMs) = —1.39 mag), while, in the higher redshift sample 
B, they show median Aji/^ = —1.34 mag ((AMb) = —1.35 
mag). We emphasize that we do not attempt to make a 
detailed study of the TFR evolution here. Formally, this 
simple test suggests that there is a '^ 1 mag evolution 
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Figure 17. The distribution of AAf^ for the field galaxies (upper 
panel) and cluster/group galaxies (lower panel). The black solid 
histogram in both panels corresponds to the lower redshift galax- 
ies in the matched sample A, while the red, dashed histogram 
traces the higher redshift matched sample B (see Section |4] for 
the definition of these samples). In addition, each panel shows 
a smaller inner plot containing the cumulative distributions of 
samples A and B for each case. These smaller plots also show the 
resulting KS statistics. 
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mcnt with pre vious studie s (^Vogt et a/. 199ff, Bamford et al\ 
2005; Bamfor d. Araeon-S alamanca & Milvang- Jensen 2006|; 
IWeiner et oZ.ll2006l ). 

We then looked for any evidence for evolution in Mb 
in the range 0.36 ^ 2 ^ 0.86 by comparing sub-samples A 
and B against each other. We did this separately for the 
field and cluster/group populations. Figure [17] shows the 
AMb distribution for the field (upper panel) and the clus- 
ter/group galaxies (lower panel). The black solid histogram 
corresponds to the lower redshift galaxies in sample A, while 
the red, dashed histogram traces the higher redshift sam- 
ple B. In each panel, a smaller inner plot shows the cu- 
mulative distributions of samples A and B, in addition to 
the KS statistics. From these plots, we see that although 
there is a significant ofi^set in Mb from the local relation, 
there is no evident evolution within the redshift range of 
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our matched sample. In other words, we find weak or no 
evolution of the TFR in either field or cluster/group galax- 
ies at 0.36 5C z ^ 0.86. This result allows us to compare 
dilTerent galaxy populations (cluster, group, and field galax- 
ies) across the full redshift range of the matched sample C 
expecting redshift-dependent effects to be small. 

The left hand side of Figure [18] shows the absolute rest- 
frame B-magnitude plotted against log Kot for sample C. As 
in Figure [T6l the fiducial local TFR is again plotted (dotted- 
dashed line) for reference. The middle panel presents his- 
tograms of AMb for cluster (solid red), group (open black), 
and field (dashed blue), while the bottom panel contains the 
cumulative distributions of /S.Mb for cluster (solid red line), 
group (dotted black line), and field (dashed blue line) galax- 
ies. In addition, KS statistics are shown in the left hand side 
of this plot. 

We find that by making the distinction between group 
and cluster galaxies in the TFR, no significant differences 
arise. This can also be seen in the lower-left panel of Fi- 
gure 1181 where the cumulative fractions and KS statistics 
are shown. We still find no significant differences, sugges- 
ting again a lack of environmental effects on the TFR, at 
least when selecting emission-line galaxies that are not ki- 
nematically disturbed. 

5.6 The TFR of morphologically classified spirals 

It is well known that t he TFR scatter is related to 
galaxy morphology (e.g. iKannappan. Fabricant fc Franxl 
[2002) and it is arguable wether SO and spiral galax;- 
ies, for examp le, should follow the same relation. 
Recent studies (iBedregal. Aragon-Salamanca fc Merrifieldl 



l2006l : I Williams. Bureau fc Cappellarill2010l ) showed, that SO 
galaxies have the same TFR slope as the spirals, but are on 
average fainter at a given rotational velocity. 

The TFR sample we have studied so far contains galax- 
ies with unknown morphology and a few known not to be 
spirals. To study the effect of environment on the spiral- 
TFR, we extract the morphologically classified spirals from 
our matched sample C to construct a TFR of spirals only. 
Out of the 154 "good" emission- line galaxies in this sample 
(91 of which have HST observations, see circled symbols 
in Figure [SJ, only 66 have a confirmed HST spiral mor- 
phology and velocities consistent with non-zero rotation. 
The top-right panel of Figure [18] shows the spiral TFR at 
0.3 < z < 0.9. The distribution of galaxies in the TFR is 
tighter than that seen when plotting all the emission-line 
galax;y sample (left hand side of Figure llSp . The intrinsic 
scatter in the spiral-TFR is 0.18 dex in logKot (compared 
with 0.23 dex if we consider all emission-line galaxies in the 
luminosity- limited sample). When comparing the distribu- 
tions of the TFR residuals for the emission-line sample (left 
hand side of Figure llSp and morphologically classified spi- 
rals (right hand side of the Figure) for each environment, 
we find that the distributions of group and field galaxies are 
remarkably similar, whilst the cluster galaxies show some 
deviation. In numbers, we obtained the following KS prob- 
abilities: Pks = 0.23 for cluster members, Pks = 1.00 for 
galaxies in groups, and Pks = 0.82 in the field sample. 

When studying the environmental effects on the spiral- 
TFR, we again observe no difference between the TFR resid- 
uals of field and cluster/group galaxies (see solid blue and 



solid red lines in the bottom-right panel of Figure [TSl) . but 
this time, a small difference between cluster {gci > 400 km/s 
structures; dashed, red line) and field galaxies seems to ap- 
pear. However, its significance is too small (Pks = 0.29, see 
cumulative fractions and KS statistics in the bottom-right 
panel of Figure I18p to consider it too seriously. When com- 
bining cluster and group galaxies into one (more numerous) 
sample, and comparing with the field, this difference be- 
comes negligible (Pks = 0.82). 

Complementary to the results found in this section, and 
in Sections I5.5l and l5.4l we investigated possible correlations 
between TFR residuals (AMs) with cluster velocity disper- 
sion, distance from the cluster centre and projected galaxy 
density, and found that there are no obvious trends with 
environment. 



5.7 Star formation 

In Sections 15.41 and 15.51 we found that the TFR of "good" 
galaxies (i.e. galaxies with no sign of kinematical distortion) 
is not significantly affected by environment. To test the effect 
that environment may have on the kinematically-disturbed 
galaxies, which cannot be placed on the TFR, we take a 
more direct route by comparing the specific star formation 
rates (SSFRs, see Section[23} of the kinematically-disturbed 
galaxies with the rest. We find that kinematically-disturbed 
galaxies show lower SSFRs than their non-disturbed coun- 
terparts in all environments. This is shown in the top row of 
Figure 1191 The KS statistics yield a very small probability 
that the two samples (kinematically disturbed and undis- 
turbed) follow the same distribution (Pks of the order of 
10"^'*), which means that this distributions are certainly 
not the same. Our sample exhibits a lower SSFR for the 
kinematically-disturbed galaxies, particularly in cluster en- 
vironments. 

In Section 15.11 we showed that there are more kine- 
matically disturbed galaxies in clusters and groups than in 
th e field, and ther e fore o ur finding is consistent with that 
of [Poggianti et al\ ([2008!), who showed that cluster galax- 
ies have slightly lower average SSFR than field ones. The 
suppressed SSFR for the kinematically-disturbed galaxies is 
also seen in the field, so it is not exclusively a cluster phe- 
nomenon. However, since there are more disturbed galaxies 
in clusters than in the field, the average SSFR of starforming 
cluster gal axies is smaller t han t hat of field ones, in agree- 
ment with [Poggianti et al\ (|2008l ) results. 

Although the difference in the SSFR distributions of 
disturbed and undisturbed galaxies is very clear, there is a 
potential caveat. If a galaxy has a low SSFR it will have 
a low [Oil] emission line equivalent width (EW). This will 
make fitting the rotation curve more difficult, lowering the 
quality of the fits, and increasing the probability that the 
galaxy is classified as kinematically disturbed. In the mid- 
dle and bottom panels of Figure [T5] we compare the EW and 
flux of the [Oil] doublet for the "good" and "bad" galaxies 
in clusters and in the field separately. We find that "bad" 
or kinematically-disturbed galaxies have lower EW[On] and 
lower [Oil] flux in all environments. The problem arises when 
trying to decide which is the cause and which the effect. 
The perturbed gas kinematics could be related to a process 
that also suppresses the SFR, providing a real physical link 
between both observations. However, it could also be that 
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Figure 18. As in Figure [161 Mg vs. logVrot for the galaxies in the matched sample C are plotted in the upper panel. Cluster galaxies 
are plotted as red filled diamon ds, groups a r e repr esented as black asterisks, and the matched field sample corresponds to the blue open 
diamonds. The fiducial TFR of lTuUv et al\ 1119981 ) is marked by the dotted-dashed line. The middle panel shows the /S.Mg distribution 
for cluster (red, solid), groups (black, open), and field (blue, shaded) galaxies. The bottom panels show the cumulative distributions of 
AMg for cluster (solid red line), group (dotted black line), and field (dashed blue line) galaxies. KS statistics are shown in the left hand 
side of the plot. The left hand panels consider all emission-line galaxies in sample C, whilst in the right hand panel, only morphologically 
classified spirals are plotted. 



low SSFR galaxies have lower [Oil] fluxes and EWs, mak- 
ing their rotation curves more difficult to fit well, and thus 
the apparent link is purely observational and not physical. 
Using only the information presented in this paper so far it 
is very difficult to know which one of these possibilities is 



the true one. However the additional independent evidence 
indicating that st ar formation is suppressed in cluster star- 
forming galaxies (jPoggianti et aZ.luOOSi : IVulcani et aZ.ll2010l : 
iFinn et a/.ll2010 ') suggests that the observed connection be- 
tween disturbed kinematics and suppressed SSFR is a phys- 
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Figure 19. A comparison between tlie star formation of the 
kinematically-disturbed galaxies (sliaded blue histograms) and 
the undisturbed ones (solid black histograms). Cluster galaxies 
are shown in the left hand panels and field galaxies in the right. 
The top row shows the specific star formation rates, the middle 
the equivalent width of the [Oil] emission, and the bottom row 
compares the flux in Oil. Median values are shown inside the 
plots. 
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Figure 20. A comparison of the scale-lengths measured in 
the emission-lines (fd, emission) top panel) and the emission-line 
extent (roxtcnt I bottom panel) versus those obtained from the pho- 
tometry (rj pijot) in different environments. Only kinematically 
"good" galaxies with disk morphology (SOs and spirals) in the 
matched samples A (loft) and B (right) were taken into account. 
Cluster/group galaxies are plotted in filled red symbols, whilst 
field galaxies correspond to the open blue diamonds. The red and 
blue dashed lines show respectively the median deviation from a 
flat distribution, for the cluster/group and field galaxies, respec- 
tively. The quoted uncertainties represent la errors in the me- 
dian values (i.e. 1.253 X 



/rms/\/ number of points, slightly larger 
than the error on the mean, but more robust to outliers). These 
plots show that whilst there is no difference in the location of the 
star formation within the stellar disks of cluster/group and field 
galaxies (top) , there seems to be a truncation of the gas disks in 
cluster/group galaxies with respect to the field (bottom). 



leal one. The results of Section 15.81 will also support this 
conclusion. 



5.8 Concentration of the emission 

To examine the location of the star formation within the 
disks of our emission-line galaxies, and its dependence on 
environment, we compared the size of the stellar disk, as 
traced by the photometric scale-length (rd,phot), with the 
size of the gas disk, i.e. the scale-length of the emission lines 
in the spectra (rd, emission). The emission-line scale- lengths 
were an output from the fits performed with ELFIT2PY, as 
described in Section [3. II Photometric scale-lengths were de- 
rived by fitting a a 2-component 2D model that accounted 
for a bulge with a de Vaucouleurs profile and an exponential 
disk component, convolved with the PSF of the images. This 
was d one using the GIM2D software fsee lSimard et a/.ll2002l . 
I2OO9I . for a detailed description of the method used). The val- 
ues of rd,phot used here were computed from the HST F814W 
images, because of the higher quality of the data. We note 



however that if we used the scale-lengths measured from I- 
band VLT photometry, the results presented here would not 
change. We note that many dynamically hot systems have 
simple exponential profiles, hence the presence of a "disk" 
component does not necessarily imply the presence of an ac- 
tual disk. For this reason, in this section we only considered 
galaxies that have been visually classified as disks (SOs and 
spirals only). 

In Figure 1201 we compare both scale-lengths. The 
top panels show the ratio rd.omission/j'd.piiot plotted against 
T'd, pilot in the mid- and high-redshift samples (A and B, res- 
pectively) for cluster/group and field galaxies in different 
symbols. The median values of this scale length ratio are the 
same (within the errors) for cluster/group and field galaxies 
in both samples. This suggests that the environment is not 
significantly affecting the gas concentration in emission-line 
galaxies that show no evidence of kinematical distortions. 

In contrast with this result , 

iBamford. Milvang- Jensen fc Aragon-Salamancal (|2007n 

found that the emission (and thus the star formation) of 
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cluster spirals seems to be more concentrated that that of 
field ones. Since these authors did not separate kinemati- 
cally undisturbed and disturbed galaxies we repeated the 
test using all our fits, "good" and "bad" . In this case we did 
find some weak evidence suggesting a more concentrated 
star formation in cluster galaxies than in field ones, but 
the large scatter introduced by the unreliable values of 
Td, emission derived from the "bad" fits prevented us from 
reaching any definitive conclusion. 

When fitting the emission lines with ELFIT2PY (Sec- 
tion |3TT]), the extent of the line, roxtont, is also computed. 
This quantity is defined as the distance from the continuum 
centre to where the line could no longer be reliably detected 
above the noise. Although roxtcnt depends on properties of 
the data (e.g. seeing, pixel size) and is thus not suitable for 
comparison with other studies, it is useful for the internal 
comparison of our own dataset. We use this quantity to in- 
vestigate whether the extent of the gas disk is affected by 
cluster environment. 

The bottom row of Figure [20] shows how the extent of 
the emission compares to the size of the stellar disk in a 
similar manner as Figure 1201 Despite the scatter, the plots 
exhibit a ~ 1 — 2(7 difference between field and cluster/group 
galaxies. This is more evident in the higher redshift sample 
(B). Cluster/group galaxies show smaller emission extents 
than field galaxies, implying that the cluster environment 
effectively tr uncates the gas disks. This is consistent with 
the results of iKoopmann fc KennevI (l200j), who, found that 
~ 50% of spiral galaxies in the Virgo cluster have their Ha 
disks truncated, whereas field galaxies do not show such ev- 
idence as frequently. Additionally, they find that most of 
the galaxies that exhibit truncated gas disks have relatively 
undisturbed stellar disks. From their results, they conclude 
that the reduced SFRs of Virgo spiral galaxies must be 
mainly caused by ICM gas stripping, which is also the sce- 
nario that our results favour. 

In the top panel of Figure 1211 we plot the ratio 
rd.omission/rd.phot as a function of morphology, for all the 
emission-line galaxies. We find that rd,emission/rd,phot is 
roughly constant (with some scatter) throughout all the 
morphology types. The bottom panel shows rextent/fd.phot 
for the different morphology types. A small decrease in 
rcxtcnt/rd.phot is observed towards later morphological types. 
If spiral galaxies transform into SOs in clusters one impor- 
tant issue is how to build the SO bulges, since the aver- 
age bulge-to-disk ratio of SOs is larger than that of spirals 
IjChristlein fc Zabludoflll2004 ) . If the star formation is more 
concentrated in cluster spirals than in field ones, this will 
help to increase the bulge luminosity. This is consistent with 
the results shown in Figure [4] and a scenario in which star 
forming spiral galaxies are transformed into passive SOs via 
stripping of their gas. 



6 DISCUSSION 

We have presented a detailed analysis of the effects of the en- 
vironment on the gas and stars of distant galaxies. We have 
studied the gas kinematics, stellar morphology, TuUy-Fisher 
relation, star formation, and concentration of the emission 
of galaxies in various environments, which has provided us 
with important clues about the physical mechanisms trans- 
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solid symbols highlight the median values for each morphology 
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forming galaxies. We summarize and discuss our results in 
the following. 

From the full EDisCS galaxy sample at z < 1, we se- 
lected all galaxies with measurable emission in their spectra, 
inclinations > 30° (to avoid face-on galaxies), and slit mis- 
alignment (with respect to the major axis of the galaxy) 
< 30°. We then modelled the 2D emission lines and fitted 
a rotation curve to obtain rotational velocities. All the fits 
were individually inspected in a quality check procedure that 
separated our galaxy sample into two categories. The first 
one contains galaxies for which their emission lines yielded 
acceptable fits ("good" sample). The second one consists 
of galaxies for which no emission line could be fitted satis- 
factorily, and thus no reliable rotational velocity could be 
derived ("bad" sample). We then computed V^rot for each 
galaxy from the "good" emission-line fits. 

Galaxy morphology was not taken into account in the 
sample selection. To investigate the morphology distribu- 
tion of our emission-line sample, we studied the morphology 
distribution of the sub-sample of galaxies that have HST 
data (61% of our sample). We found that while most of 
the emission-line galaxies in our sample are spirals, ~ 15% 
were classified as early- type galaxies (E or SO). Notably, the 
highest quality rotation-curve fits were obtained in the spiral 
sample, while the early-type galaxy group contained a sig- 
nificant fraction of "bad" galaxies. We nevertheless discov- 
ered 12 ellipticals and 5 SOs with clearly extended rotation 
curves in their emission. These interesting galaxies are being 
treated in a forthcoming paper (Jaffe et al. in preparation). 
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We have shown that the galaxies with "bad" rotation 
curve fits represent a population of kinematically-disturbed 
galaxies. The fraction of kinematically-disturbed galaxies 
(/k) decreases significantly with morphological type (to- 
wards later types). Within the spiral sample, there is a dif- 
ference of a factor of ~ 3 between Sa and Scd galaxies, and 
this difference is even higher if we include SO galaxies. In 
the context of spiral-to-SO transformation, this implies that 
galaxies already having SO morphology have been subject of 
stronger gas disturbance. 

By studying the fraction of kinematically-disturbed 
galaxies over the same Mb and redshift range in clus- 
ter, group, and field environments, we have found that 
/k is clearly higher in cluster/group environments than 
in the field (for Mb < -20.5). The presence of 
ki nematically-disturbed galaxies in clu sters was first found 
bv lRubin. Waterman fc KennevI (|l999l ) in the Virgo cluster, 
and has bee n confirmed by other similar studies at h igher 
redshift (e.g. lMoran et d.ll2007bl : iMetevier et al\\200^ ). The 
difference in the kinematics between cluster and field galax- 
ies we find for EDisCS emission-line galaxies agrees with 
theese previous results. 

While the fraction of kinematically-disturbed galaxies 
in the field is roughly constant (= 25%) throughout the 
Mb range, in clusters /k is not only higher, but increases 
with luminosity. In other words, the most luminous (mas- 
sive) galaxies exhibit more signs of gas disturbance. We in- 
terpret this trend as evidence that many of the fainter (less 
massive) galaxies have been completely stripped of their gas. 
This causes them to have no (or very little) emission in their 
spectra. For this reason, these galaxies are not selected in 
our emission-line galaxy sample. Moreover, we propose that 
if we were able to detect emission in these galaxies, the frac- 
tion of cluster galaxies with disturbed gas kinematics should 
be significantly higher than in the field at all luminosities, 
with a much smaller luminosity dependence. We have con- 
sidered, but disfavour, two alternative explanations for the 
observed behaviour. First, the most luminous galaxies could 
be those that were accreted more recently and therefore their 
observed properties will reflect the recent influence of the 
cluster environment. This could be the result of the hier- 
archical cluster assembly, where more massive systems are 
accreted later (De Lucia et al. in preparation). This inter- 
pretation is unlikely because we also find that the fraction 
of kinematically-disturbed galaxies decreases with projected 
distance from the cluster centre (see below). Second, it could 
be that fK grows with luminosity because brighter emission 
line galaxies may reside at the centre of the clusters, where 
we find higher incidence of kinematically-disturbed galaxies. 
We discard this possibility because we find no correlation 
between the luminosity of our cluster emission-line galaxies 
and their distance to the cluster centre. 

To ascertain which physical mechanisms are affecting 
the gas kinematics, we studied how /k varies with different 
proxies for environment. We found that, although /k in- 
creases with cluster velocity dispersion (by a factor of ~ 2) 
and decreases with distance from the cluster centre (by the 
same factor), it remains constant with projected galaxy den- 
sity. Although our results suffer from considerable uncer- 
tainty, they are self-consistent, and suggest that the physi- 
cal mechanism acting on cluster galaxies is probably related 



to the ICM or the cluster potential itself and not to galaxy 
interactions. 

We also tested whether there is any correlation between 
the degree of kinematical disturbance in the galaxies' gas 
and the amount of disturbance in their morphologies. We 
did this by fitting a smooth single-Sersic index model to each 
galaxy (with available HST data) and subtracted it from the 
original HST image. The corresponding residual images thus 
highlighted morphological distortions. By inspecting them 
carefully, we found that ~ 50% of the galaxies show signs of 
asymmetry that we have interpreted as the possible result 
of a recent interaction (or merger event in the most dra- 
matic cases). We did not find a clear direct link between the 
kinematic disturbance in the galaxies' gas and their morpho- 
logical disturbance, indicating that the physical mechanisms 
and/or timescales involved are different. 

We then searched for environmental effects on the galax- 
ies' scaling relations, by studying the TuUy-Fisher relation 
of cluster, group and field galaxies. We only considered kine- 
matically non-disturbed ("good") galaxies within matched 
samples (in Mb and z). We found that there is no differ- 
ence between the distribution of cluster, group and field 
galaxies in the TuUy-Fisher diagram up to z < 1. The 
distributions are strikingly s imilar. This r esult agrees with 
iNakamura et al\ (|2006l ') and IZiegler et al\ ( 2003) but con- 



tradicts the findings of Bamford et al\ ([2005), who found 



a brighter TFR for cluster galaxies. Because our sample is 
larger and more homogeneous than the one published by 
these authors, and our quality control more robust we are 
confident on the reliability of our findings. Taken at face 
value this result suggests that the cluster environment does 
not induce a strong enhancement on the star-formation ac- 
tivity of spiral galaxies entering it. 

In an attempt to reduce the scatter about the TFR, 
we have performed the above-mentioned analysis with only 
morphologically confirmed spirals. This reduced the num- 
ber of galaxies significantly (by half) since we do not 
have HST observations for all the emission-line sample. 
Ne vertheless, we obtained a tighter TF R (as expected, 
e.g. iKannappan. Fabricant fc Franxll2002l ') and were able to 
make comparisons between the different environments. Our 
results show that, for the spiral sample, the cluster/group 
TFR again does not differ significantly from the field re- 
lation. No statistically-significant difference is found either 
when comparing the TFRs of galaxies in the field and in 
clusters with Gci > 400km/s (i.e., when excluding group 
galaxies) . 

To further confirm that the TFR is not significantly 
affected by environment, we studied the TFR residuals as 
a function of cluster velocity dispersion, projected distance 
from the cluster centre and projected galaxy density, and 
found no evidence for a correlation between environment 
and TFR residuals. 

At face value, the fact that we find no significant envi- 
ronmental effects on the TFR seems to suggest that there is 
no strong enhancement or suppression of the star formation 
activity in cluster star forming spiral galaxies. However this 
cannot be the whole story, since the TFR analysis can only 
be properly done for galaxies with reasonably regular rota- 
tion curves (and thus galaxies without strong distortions in 
their gas structure and kinematics). If the main environmen- 
tal effects on spirals manifest themselves as disturbances in 
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the galaxies' gas, the kinematically-disturbed galaxies are a 
key component of the whole picture. Because these galaxies 
cannot be reliably placed on the TFR we need to use other 
tests to assess the effect of the environment on their star 
formation activity. Using the [Oil] emission line as an esti- 
mator of the galaxies' current star formation we find that 
kinematically-disturbed galaxies exhibit lower specific star 
formation rates (SSFR, i.e., star formation rate per unit stel- 
lar mass) in all environments. Although some observational 
biases may be at play, using independent evidence from pre- 
vious EDisCS studies we argue that this effect is probably 
real. If so, this suggests that there may be a physical connec- 
tion between the disturbance in the galaxies' gas and their 
reduction in star-formation activity. 

Further support to this interpretation comes from our 
study of the spatial distribution of the line emission, taken as 
a tracer of star formation. The concentration of the star for- 
mation, parameterised as the ratio of the exponential scale 
length of the line emission divided by the exponential scale 
length of the stellar disk, seems to be unaffected by the en- 
vironment for the galaxies with undisturbed gas. However, 
although the exponential scale lengths of the line emission 
do not seem to be affected, the actual extent of the emission 
appears to be. The radial extent of the galaxies' emission 
(in units of their stellar disk scale length) is smaller in clus- 
ter environments than in the field. In other words, the star 
formation seems to be more concentrated (or truncated) in 
cluster galaxies. This means that the cluster environment 
not only reduces the galaxies star formation activity but 
also makes what star formation remains more concentrated. 
This has been indepe ndently observed in clusters at lower 
redshifts l|Wolf. et aLlHooa '). 



7 CONCLUSIONS 

We have studied the properties of the gas and the stars in a 
sample of 422 emission-line galaxies from the ESO Distant 
Cluster Survey in different environments at 0.3 < z < 0.9. 
Our principal aim is to try to understand the main physical 
mechanisms acting on galaxies when they fall into clusters. 
Our main findings are: 

(i) The fraction of galaxies with kinematically- 
disturbed gas disks is higher in galaxy clusters than in the 
field. While this fraction does not change with luminosity in 
the field, in clusters it increases significantly with increasing 
luminosity. We can explain this trend as the consequence 
of gas being more easily removed from lower mass (fainter) 
galaxies, taking them out from the emission-line galaxy sam- 
ple. 

(ii) The fraction of kinematically-disturbed galaxies in- 
creases with cluster velocity dispersion and decreases with 
projected distance from the cluster centre, which is indica- 
tive of strong environmental effects on the galaxies' gas. 
However, we found no correlation between the fraction of 
kinematically-disturbed galaxies and the projected galaxy 
density. We interpret this as a strong indication that what 
is causing disturbances in the galaxies gas is likely related 
to the ICM and not due to galaxy-galaxy interactions. 

(iii) The fraction of galaxies with disturbed optical 
morphologies in our emission-line sample is luminosity in- 
dependent and similar in clusters, groups, and the field. 



Indeed, there is little correlation between the presence of 
kinematically-disturbed gas and morphological distortions. 
These results, combined with (i) and (ii) above, suggest that 
environmental effects are mild enough to ensure that, whilst 
they do not disturb the stellar disks, they do strongly affect 
the gas in cluster galaxies. 

(iv) No environmental effects on the TuUy-Fisher rela- 
tion are found for the emission-line galaxy sample nor for 
the morphologically-classified spirals. 

(v) Result (iv) is inevitably limited to the galaxies 
with undisturbed kinematics. Since reliable rotation veloci- 
ties cannot be determined for kinematically-disturbed galax- 
ies, these cannot be placed of the TuUy-Fisher relation. For 
this reason we explored the possibility that signatures of 
enhanced or suppressed star formation could be present in 
the kinematically-disturbed galaxies. Indeed, we find that 
kinematically-disturbed galaxies have lower specific star for- 
mation rates. 

(vi) Cluster galaxies display truncated star-forming 
disks relative to similarly-selected field galaxies. 

(vii) There are several galaxies that have been morpho- 
logically classified as E/SO, that exhibit extended gas disks. 
These galaxies will be discussed in a forthcoming paper. 

Previous studies have shown that, statistically, spiral 
gala xies probably tran sform into SOs in cluster environments 



(e.g. lDesai et aZ.ll2007l . and references therein). This fact. 



to- 
gether with the results presented in this paper, lead to the 
following conclusions: if infalling spirals are the progenitors 
of cluster SOs, the physical mechanism responsible for this 
transformation is such that it efficiently disturbs the galax- 
ies' star-forming gas and reduces their star-formation activ- 
ity, but leaves their stellar disks largely undisturbed. More- 
over, the star-forming gas is either removed more efficiently 
from the outskirts of the galaxies, or it is driven towards 
the centre (or both). In any case, this makes any remaining 
star formation more centrally concentrated, helping to build 
the bulges of SOs. We conclude that the physical mechanism 
responsible for the spiral-to-SO transformation in clusters is 
related to the intra-cluster medium, with galaxy-galaxy in- 
teractions and mergers playing only a limited role. Of course, 
this does not imply that SOs in lower-density environments 
cannot form via different mechanism(s). 
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APPENDIX A: THE DATA TABLE 

Table IXTI shows a shortened version (10 rows) of the full data table, available in the online version of this paper. The table 
contains our measurements of rotation velocity, kinematical disturbance, and emission disk scalelengths, output from our 2D 
emission-line fitting procedure, as well as the morphological disturbances found from the single-Sersic fits to the HST data. 
We also included other characteristics of the data for completeness. The table columns are: 

(1) Name of galaxy in the EDisCS catalogue. 

(2) Galaxy environment: "f" stands for for field, "c" for cluster (a^i > 400km/s) and "g" for group {ad < 400km/s) 

(3) Redshift. 

(4) B-band magnitude corrected for internal extinction. 

(5) Logarithm of the rotation velocity (derived from ELFIT2PY), and associated confidence error. 

(6) Inclination used (from HST photometry if available, otherwise computed from /-band VLT images). 

(7) Flag for kinematical disturbance ("good" or "bad" for undisturbed and disturbed, respectively), as judged from the 
emission lines in the 2D spectra. 

(8) Hubble T morphology type, obtained by visual inspection of the HST images. The numbers correspond to the 
following types: star=-7, X=-6, E=-5, S0=-2, Sa=l, Sb=3, Sbc=4, Sc=5, Scd=6, Sd=7, Sdm=8, Sm=9, Im=10, Irr=ll, 
?=66, and "-" is placed whenever there is no HST data available. 

(9) Flag for morphological disturbances ("good" or "bad" for undisturbed and disturbed, respectively) as detected 
from the single-sersic fits made to the HST images. We note that these flags must be interpreted with care as they do not 
necessarily represent mayor morphological disturbances (cf. Section 5.3). 

(10) The emission- line (exponential) disk scalelenght. 

(11) Extent of the line as measured by ELFIT2PY (only usable within our data since it depends on e.g. seeing). 

(12) The photometric disk scalelengths, obtained from HST data, plus their uncertainties. 

(13) The photometric disk scalelengths, obtained from VLT data, plus their uncertainties. 

We note that the values of logViot, »"d, emission, and rcxtont are not listed for kinematically disturbed galaxies (instead a 
"-" is placed), as these values are not physically correct and can thus be misleading. 



Table Al. 10 Example rows of the table containing all the measured quantities to the EDisCS emission-line sample (the full table can be found in the electronic version of the paper). 
The columns are: (1) name of galaxy in the catalogue, (2) environment ("f" for field, "c" for cluster and "g" for group), (3) redshift, (4) i?-band magnitude corrected for internal 
extinction, (5) logarithm of the rotation velocity (from ELFIT2PY) and associated confidence error, (6) inclination used (from HST photometry if available, otherwise computed from 
/-band VLT images), (7) flag for kinematically disturbed ("bad") or undisturbed ("good") galaxies as judged by their emission-line fits, (8) Hubble T morphology type, obtained by 
visual inspection of the HST images (star=-7, X=-6, E=-5, S0=-2, Sa=l, Sb=3, Sbc=4, Sc=5, Scd=6, Sd=7, Sdm=8, Sm=9, Im=10, Irr=ll, ?=66, and "-" is placed whenever there is 
no HST data available), (9) flag for morphological disturbances ("good" or "bad") as detected from the single-sersic fits made to the HST images, (10) the emission-line (exponential) 
disk scalelenght, (10) extent of the line as measured by ELFIT2PY (only usable within our data since it depends on e.g. seeing), and (12 and 13) the photometric disk scalelengths (for 
HST and VLT data), plus their uncertainties. 
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